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Abstract 
 
This thesis is concerned with the design, synthesis, characterisation and subsequent 
photophysical examination of dyads incorporating the boron dipyrromethane (bodipy) 
framework.  
 
Photodriven processes such as electron-, energy- and charge-transfer reactions are of 
the utmost importance in nature, with photosynthesis as a key example. Energy 
capturing arrays composed of intricate building blocks trap, transfer and store energy 
within a cell, employing a complex series of cascade-type reactions to channel this 
energy to the desired acceptor. Within this thesis, the theme of charge-transfer in 
particular is of principal focus and systems designed to investigate this phenomenon 
are examined. 
 
Chapter one presents an introduction to the bodipy fluorophore and the ever-
expanding field of artificial photosynthesis. In addition to this, the methods involved 
in analysing the distribution and movement of charge are discussed, as are the thought 
processes behind the rational design of molecules for specific functions. The second 
chapter serves as a detailed account of all the synthetic procedures undertaken. The 
chapter covers all the bodipy derivatives prepared, in addition to the precursors to 
these compounds and all additional materials synthesised.  
 
In chapters three to six, the rationale behind the design of each purpose built system is 
discussed, along with any preparative difficulties encountered and modifications to 
traditional synthetic protocol. Finally, the electrochemical properties of the 
compounds are analysed by cyclic voltammetry and their photophysics investigated 
by absorption and fluorescence spectroscopy. The data obtained is complimented by 
both appropriate NMR spectra and a discussion of crystal structural information 
obtained.  
 
In the case of the novel push-pull chromophore, JULBD, which is the principal focus 
of chapters three and four, the charge transfer capabilities of the dyad are analysed by 
correlating 13C chemical shift values with solvent polarity. This polarity dependence 
is further explored and analysed by solvent dependent absorption spectroscopy. In 
ii 
 
order to study the emissive properties, a temperature dependent fluorescence 
experiment was undertaken.  
 
Chapter five discusses the use of current catalytic methods to prepare a series of novel 
donor acceptor dyads and their precursor building blocks, introducing novel 
methodology for the synthesis of boronic esters including iridium and palladium 
catalysis. 
 
Finally, chapter six addresses the design rationale, synthesis and characterisation of a 
binaphthalene-spaced dyad incorporating the N,N-dimethylaniline moiety. This 
chapter also serves to introduce novel methodology which can be employed to 
execute bodipy sythesis employing the commonly used organic reagent formamide.  
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1.1 An overview 
Within this thesis, diverse research topics are addressed, which incorporate a number 
of significant themes, the most important of which resurface in multiple chapters. In 
Chapters 3 and 4, the synthesis, photophysical characteristics and charge transfer 
capabilities of a novel dyad incorporating both an electron donating julolidine unit 
and the difluoroboradiaza-s-indacene (bodipy) fluorophore are discussed. The charge 
transfer properties associated with the system are investigated via a series of polarity 
dependent NMR experiments, a study which allowed us to break the mould in terms 
of investigating a photophysical phenomenon employing atypical spectroscopic tools.  
 
In Chapter 5, the use of current catalytic methods to prepare a donor-acceptor dyad 
series is addressed. It is envisaged that the methodology researched and developed 
will be incorporated by current and future MPL members into their synthetic 
protocols. Chapter 6 is divided into two discrete topics, the first being the preparation 
of a N,N-dimethylaniline binaphthalene-spaced dyad. This involved a convergent 
synthesis employing knowledge and techniques developed and discussed within 
previous chapters. The second topic is focussed upon the alternative methods 
available of synthesising the bodipy fluorophore. It must be mentioned here that this 
framework is the common photoactive unit within all the dyads explored in this work. 
Background information to present the bodipy chromophore, discussing its 
undeniably favourable chemical, photophysical and synthetic properties and vast 
range of uses will be given within this introductory chapter. An addition to this, an 
overview of energy driven processes observed in organic systems will also be 
summarized here. Included are key electron-, energy- and charge-transfer 
mechanisms. An introduction to artificial photosynthesis is also given, as this is a 
pivotal topic of discussion within the field of molecular photonics.  
 
In recent years, with an advanced knowledge base and range of synthetic and 
analytical tools at their disposal, scientists’ attempts to replicate photosynthetic 
processes have yielded increasingly fruitful results. The preparation of vast arrays, 
capable of channelling energy to accepting species via a connected series of complex 
cascade reactions, has revolutionized the field. At the forefront of such developments, 
are chromophores capable of accepting or donating energy. They are typically either 
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metal based or highly conjugated organic residues with extended series of p orbitals, 
or sometimes, encompass both of these features. Equally, on a synthetic and a 
photophysical level, it is now possible to achieve what could only be imagined one to 
two decades ago. The constant evolution of the field due to developments in the 
fundamental knowledge base, technological and material resources and facilities, 
provides an extremely positive and prosperous outlook for the future. 
 
1.2 The bodipy fluorophore 
For some time, the boron dipyrromethane fluorophore has resided at the forefront of 
the field of molecular photonics. This can be attributed to the excellent photophysical 
and synthetic properties exhibited, inherent to most derivatives. These include high 
fluorescence quantum yields (Φf ca. 0.2-1.0), a small Stokes Shift and high molar 
absorption co-efficients (>70,000 M-1 cm-1). Additionally, rapid and efficient 
synthetic procedures have been established which generate workable quantities of 
material in high yield. This ensures that the fluorophore remains a favourite with 
synthetic chemists. Finally, the ability of bodipy to act as either an electron donor or 
acceptor, depending on the nature of the system, is an additional significant attribute. 
This is somewhat due to its ability to undertake both the donation and the acceptance 
of electrons with an undeniable efficiency, in addition to the various other remarkable 
properties it possesses. Since its initial synthesis by Triebs et al. in 1968, the 
popularity of bodipy in the literature had soared. Due to the robust and adaptable 
nature of the indacene core, meso position and boron atom which comprise the 
system, vast bodipy libraries can be generated, capable of functioning across an 
extensive wavelength range. Applications of the fluorophore vary dramatically from 
chemosensors1,2,3,4,5,6,7,8,9,10,11,12 biological labelling13,14,15,16,17 and imaging18,19,20,21 
viscosity probes22,23,24 and molecular rotors25,26,27,28,29,30,31 to vast light harvesting 
arrays32,33,34,35,36 molecular photonic wires37, electroluminescent materials38,39,40,41 and 
T-Gate systems42.  
 
Recently, interestingly substituted pyrrole and aldehyde units have been generated, to 
yield attractive bodipy molecules with remarkable photophysical properties.  
Examples include the bodipy appended cone-calix[4]arene complex43 synthesised 
from the corresponding diformylcalixarene. The molecular system was found to 
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display remarkable fluorescence quenching upon Ca2+ binding (at the ester carbonyl 
oxygen atoms and the proximal hydroxyl groups44) due to the reverse Photoinduced 
Electron Transfer (PET) mechanism45 taking place. PET is a well-known mechanism 
through which the fluorescence is quenched by electron transfer from the donor 
molecule to the acceptor fluorophore46. The properties of this fluorogenic ionophore 
make it suitable for use as a selective47 chemosensing device and numerous 
publications exist48,49,50 describing rational design strategies for fluorescence PET 
probes.   
 
Figure 1 - Upon interaction of Ca
2+
 with the lone pair of the carbonyl oxygen atoms, 
the bodipy unit acts as a PET donor to the electron deficient carbonyl group 
facilitating electron transfer. 
 
The system over the page (Figure 2)51 is a borondi(iso)indomethene based conjugated 
polymer with a narrow emission band. These light emitting polymers lend themselves 
towards applications in telecommunications52, photovoltaic cells53, ionic lasers54 and 
light emitting devices55.  The diisoindomethene ligand series was prepared by stirring 
the corresponding aryl functionalised α,β-diketones in a solution of methanol and 
acetic acid, followed by addition of concentrated ammonium hydroxide and a 
subsequent 48 hour stir. The ligands were then reacted with base and boron trifluoride 
diethyletherate, typical of standard bodipy forming conditions. Sonogashira coupling 
was then affected at the indole iodine to achieve polymerization and generate the 
series of systems pictured in Figure 2.  
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Figure 2 - The incorporation of various aromatic fused bodipy monomers into the 
poly(p-phenylene-ethynylene) backbone to generate a series of high NIR emissive pi-
conjugated polymers. 
 
These elegant systems reinforce the versatility of the bodipy fluorophore towards 
substitution and modification of the dipyrrin core and extended units. Furthermore, 
the wide range of unusual aldehydes that can be used to synthesise novel and exciting 
systems, also reinforces the constant and ever increasing popularity of this probe.  
 
The next system to be discussed serves to link the theme of the bodipy fluorophore 
with that of artificial photosynthesis. The energy transfer dynamics of both the T-
shaped optoelectronic gate system42, detailed below in Figure 3 and its linear 
counterpart, were probed in their neutral and oxidised forms. Energy transfer has been 
shown to occur on a rapid timescale from a zinc to a magnesium-based porphyrin 
connected via a diphenylethyne linker56. Therefore, most of the energy in the neutral 
T-gate initially flows to the switching site rather than to the output unit.  However, 
further studies on the trimers indicate that super-exchange mediated transfer from the 
magnesium porphyrin will occur rapidly to the distant free base (fb) porphyrin in the 
T-gate. This means that the same efficiency is maintained of the ON state as in the 
linear gate.  
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Similarly, via an efficient super-exchange mechanism, the Mg-porphyrin π-cation 
radical in the oxidised T-gate, quenches the energy arriving at the distant free base 
porphyrin. This means that the same efficiency of the OFF state can be observed as in 
the linear gate. It also reveals that non-pair-wise interactions involving distant neutral 
porphyrins or a neutral porphyrin and a distant π-cation radical are imperative to the 
function of the T-gate system. 
 
Figure 3 – The neutral and oxidised T-shaped optoelectronic gate systems designed 
by Lindsey et al.
56
 
 
1.3 Artificial Photosynthesis – system design and preparation. 
Global energy need will approximately double by mid-century and triple by 210057.  
Most of that demand is driven by 3 billion low energy users in the non-legacy world 
and by 3 billion people yet to inhabit the planet over the next half century58. In order 
to provide a solution for a sustainable and carbon neutral energy future, it is 
imperative that research effort is concentrated into meeting and fulfilling the energy 
requirements of these 6 billion energy users. One of the principal themes addressed 
within this work, is that of energy capture via replication of photosynthetic processes, 
i.e., the conversion of sunlight into biologically useful energy such as electrochemical 
potential. It can then be stored in fuels such as carbohydrates, lipids or even hydrogen 
gas59.  
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Photosynthesis is carried out by pigments and electron donor and acceptor moieties 
such as chlorophylls, quinones and carotenoid polyenes situated within proteins60. 
They interact via three basic photochemical processes: singlet-singlet energy 
transfer61,62,63 triplet-triplet energy transfer and photo-initiated electron transfer. In 
green plants and cyanobacteria, photosystem I (PSI)64 generates NADPH which 
reduces carbon dioxide during the Calvin cycle, whilst photosystem II (PSII)65 
catalyses the conversion of light energy into water oxidizing agents66. Photosynthetic 
bacteria possess simpler photoconversion pathways and the electron transfer processes 
involved have inspired numerous biomimetic studies. Figure 467 below details the 
redox co-factors and the primary charge separation in the photosynthetic reaction 
centre of purple bacteria.    
 
 
Figure 4 – The redox co-factors of the photosynthetic RC found in purple bacteria. 
 
Thousands of artificial photosynthetic constructs have been developed over the past 
thirty years and a number of reviews are available on the topic68,69,70,71,72,73,74,75,76. In 
order to design and synthesise systems capable of mimicking natural photosynthetic 
process, there are a number of factors to consider and components which are 
necessary for efficient functioning of the device. As its basic operation is PET, a 
model reaction centre must at minimum be composed of an electron donor moiety and 
an organisational principle that controls their electronic interactions.77 The choice of 
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pigments and electron donors and acceptors must be carefully considered and excited 
state energy levels and photophysical parameters are especially critical.  
    
Artificial photosynthesis can be considered to encompass several topics to include 
light driven CO2 reduction (replicating natural carbon fixation) and water splitting. 
The four-electron oxidation of water is a kinetically challenging process which occurs 
on a millisecond timescale within the oxygen evolving complex (OEC) of 
Photosystem II as well as in a number of synthetic catalysts78,79,80,81,82,83,84.  
 
Water oxidation is of pivotal importance and in recent years numerous 
systems85,86,87,88 have been developed, capable of carrying out this process. A typical 
artificial photosynthetic design for water splitting consists of the following four 
integral components: 
· Antenna – collection of chromophores which absorb light throughout the portion 
of the solar spectrum used by photosynthesis and transfer excitation energy 
towards the reaction centre. They are also involved in photoprotection and 
photoregulation. 
· Reaction Centre (RC) – here, excitation energy drives photoinduced electron 
transfer to an electron acceptor, generating a charge separated state. They must be 
designed in such a manner that the charge separated states live long enough that 
their oxidising and reducing power can be transferred to fuel generating catalysts. 
· Fuel production catalyst – inexpensive and efficient catalysts must be devised for 
generating hydrocarbons, hydrogen or other fuels. The reducing equivalents from 
the reaction centre are ultimately used to power the organism and to store energy 
as carbohydrate, lipid, hydrogen or some other reduced material.  
· Water oxidation catalyst – oxidising equivalents from the reaction centre must be 
used to generate oxygen gas and hydrogen ions from water, whilst simultaneously 
rejuvenating the oxidising side of the RC.  
 
Unfortunately, there is still a long way to go before the shortfalls associated with 
artificial photosynthetic devices can be rectified. Upon closer inspection of the 
components involved in water splitting, complications can instantly be highlighted. 
For example, iridium dioxide is a stable and efficient catalyst for the oxidation of 
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water89, however iridium is the least abundant element on earth and significant 
overpotential is required. Secondly, the ruthenium complexes commonly incorporated 
into these systems do not absorb light efficiently at wavelengths longer than 500-550 
nm, meaning that much of the solar spectrum is wasted. They are also prone to 
decomposition under irradiation. Thirdly, the reaction centre faces kinetic and 
thermodynamic issues. The former can be attributed to rapid charge recombination via 
electron migration back to the oxidised ruthenium complex from TiO2.  This is very 
quick when compared to the rate of electron transfer from IrO2 to the oxidised 
complex. The thermodynamic issue arises from ineffective positioning of the 
conduction band of TiO2, resulting in inefficient reduction of hydrogen ions. Finally, 
the most commonly used platinum based proton reduction catalysts are expensive and, 
like iridium, platinum is a rare element. Due to the immense scale of human energy 
usage, more abundant catalysts must be identified.     
 
Some systems in recent years have effectively addressed some of these issues. 
However, to date, regaling in the success that all of the problems aforementioned have 
been rectified appears to be rather premature. Increasingly robust water oxidation 
catalysts containing more abundant and inexpensive manganese90,91,92 or 
cobalt93,94,95,96 oxides are increasing in popularity, being far more suitable for large 
scale use. Dinuclear ruthenium97,98,99 catalysts in addition to those which are iron100,101 
based have also enjoyed a surge in popularity. Proton reduction catalysts employing 
hydrogenases directly for catalytic functions102 or analogues of the hydrogenase active 
site are known, but exhibit variable activity103. Photoprotective effects to provide 
resistance to singlet oxygen damage have also been put in place in several artificial 
photosynthetic devices104,105,106,107,108,109,110,111.   
 
In natural photosynthesis, photoinduced charge separation is proceeded by a cascade 
of thermal electron transfer steps in order to increase charge separation lifetimes. This 
has been demonstrated by numerous systems112. Within the novel molecular arrays 
developed, the charge separation and storage characteristics must be tailored to 
specific applications. An example is the system113 illustrated in Figure 5 below, which 
features a molecular triad composed of a carotenoid, a porphyrin and fullerene 
(C60)
114.  Fullerenes have been found to possess numerous favourable properties 
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which make them excellent electron accepting components in supramolecular species 
of the type depicted below and are able to take on as many as six electrons115,116,117. 
Furthermore, they have been found to minimise the associated reorganisation energy 
(λ), allowing efficient performance in the solid state. For example, electron transfer 
events in this carotenoporphyrin-fullerene triad have been found to occur even in a 
glass at 77K. The porphyrin behaves as a chromophore, absorbing energy and 
transferring an electron to the fullerene. The beta-carotene does the same and a charge 
separated state with a huge dipole moment of over 150 debye is generated.   
 
 
Figure 5 – The C-P-C60 molecular triad designed by Gust, Moore and Moore
113
. 
 
Self-assembled light harvesting antennae which vastly increase the cross section for 
solar energy absorption, without actually undergoing charge separation themselves 
have been successfully generated118,119,120. Photosynthetic organisms universally 
exploit antennae systems to absorb light and funnel the excitation energy to the RCs 
where the charge separation occurs. Within such systems, the use of antenna proteins 
serves to limit the need for the organism to produce large quantities of the complex 
charge separation apparatus, whilst still continuing to maintain an excellent efficiency 
for light collection by regulating their response to varying light intensity121.  
Following photoexcitation, a series of energy-transfer steps takes place to channel 
excitation energy to the site of charge separation.  
 
An example of such a system is that in Figure 6 below, an elaborate and elegant 
system composed of metalloporphyrins connected via readily constructed122 and semi-
rigid123 diarylethyne units. These units enable rotation of the porphyrin planes about 
the ethyne in solution. The individual porphyrins are weakly coupled electronically, 
which means that the desired properties rationally designed into either the individual 
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chromophores or the small assemblies, are retained when the units are joined. Thus, 
predicting the properties of such complex architectures can become more straight-
forward. Selective photoexcitation of the zinc porphyrins results in rapid energy 
transfer in approximately 24 ps to the central non-metallated (free-base) porphyrin124.  
 
 
 
Figure 6 – The covalent light-harvesting chromophoric array
125
 designed by Lindsey, 
Prathapan and Johnson.  
 
Semisynthetic chlorophyll-based systems have been previously shown to undergo 
efficient PET.126 Chlorophylls absorb light across a broad wavelength range and can 
behave as both electron and energy donors and acceptors. Additionally, they can 
naturally generate supramolecular assemblies using metal-ligand co-ordination, π-π 
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interactions127 and hydrophobic effects within the protein environment128. Earlier this 
year, Wasielewski et al. generated a series of donor acceptor triads incorporating 
functionalised zinc methyl 3-ethylpyrochlorophyllide a (Chl) modified at its 20 
position. This allowed covalent attachment of a pyromellitimide acceptor bearing a 
pyridine ligand, in addition to either one or two NDI (naphthalene-1,8:4,5-
bis(dicarboximide)) or PDI (perylene-3,4:9,10-bis-(dicarboximide)) electron 
acceptors129. In this system, shown below in Figure 7, the pyridine ligand within each 
triad enables intermolecular Chl metal-ligand co-ordination, generating cyclic 
tetramers in solution, which can be observed by X-ray scattering. The self-assembly 
modifies their structures in a manner which results in prolonged charge separation 
lifetimes. For example, charge recombination in the Chl-PI-NDI2 cyclic tetramer (τCR 
= 30 ± 1 ns in toluene) is three times slower relative to the monomeric building blocks 
(τCR = 10 ± 1 ns in toluene-1% pyridine).  
 
 
 
Figure 7 – The cyclic tetramer designed by Wasielewski et al. formed via self-
assembly of Chl-based donor-acceptor triad building blocks. The system shows how 
supramolecular assembly can influence photoinduced charge transfer dynamics.  
 
e
-
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This system (Figure 8)130 self-assembles into stacked dimers in toluene as revealed by 
Small Angle X-ray Scattering (SAXS). Wasielewski et al. synthesised the 
chlorophyll-a mimic131 1,7-bis(pyrrolidin-1’-yl)perylene-3,4:9,10-bis(dicarboximide) 
(also known as 5PDI)132, a green chromophore which exhibits an intense absorption at 
686 nm. Their system demonstrates that self-assembly of a robust PDI-based artificial 
light harvesting antenna promotes the formation of a functional special pair of 5PDI 
molecules, which undergoes ultrafast quantitative charge separation. Femtosecond 
transient absorption spectroscopy indicates that energy transfer from (PDI)2 to 
(5PDI)2 takes place with τ = 21 ps. This is followed by excited-state symmetry 
breaking of singlet excited (5PDI)2 to quantitatively generate 5PDI
+•-5PDI-• with a 
charge separation lifetime of 7 picoseconds. The ion pair recombines with τCR = 420 
ps and it is in the dimeric system uniquely that electron transfer takes place. This 
serves as a mimic for special pair formation - so called due to the fact that they are 
excitonically coupled through proximity to each other with electronic orbital overlap. 
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Figure 8 – The self-assembling array synthesised by Rybtchinski, Sinks and  
Wasielewski – the chemical structure is shown (top) and the best fit structure of the 
dimer from modelling the SAXS data (bottom).  
 
It can be seen from the systems described above, that designing and building such 
intricate and powerful arrays involves a complex thought process. Numerous factors 
must be taken into consideration. These are dependent upon the purpose of the 
molecule, the synthetic tools and materials at the disposal of the chemist and the 
environment in which the system must function, to name but a few. In the case of the 
latter, it must be decided if the molecule will be used in the solid state or in solution 
and if solvent will be employed, the polarity range in which the system will function 
must also be considered. The subunits must be carefully selected, the fluorophores 
tuned to absorb light of the desired wavelength and finally, stringent purification 
measures adhered to, in order to ensure effects are not diminished by factors such as 
background fluorescence or phosphorescence. Due to the synthetic nature of the 
projects discussed within this thesis, another hugely important factor is therefore how 
the subunits incorporated can be prepared, connected and tuned to ensure optimum 
efficiency of the photoactive processes occurring in the system.  
 
The favourable properties of the bodipy fluorophore aforementioned can also be 
extended to include a high synthetic robustness and an excellent solubility in a range 
of common laboratory solvents. These features allow much functionalisation and 
modification as the framework can be solubilised and subsequently adapted in the 
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chemist’s solvent of choice. In addition to this, stability to light and acceptance of 
even relatively harsh coupling conditions including extreme heating/ cooling, high 
loading of catalyst and ligand and a remarkable resistivity to acid and base is 
displayed. An additional important factor to consider is the purity of the final 
compound which is of utmost importance in this field. Residual emission due to 
contamination by unwanted side products / starting materials or un-pure solvent or 
reagents must be omitted. Strict purification protocols including column 
chromatography, preparative thin-layer chromatography and recrystallisation/ slow 
diffusion crystallisation are in place to ensure the utmost purity of the final 
compounds. Compound identification is further confirmed by mass spectrometry, 
melting point analysis, and a full and complimentary range of NMR spectroscopic 
tools.  
 
1.4 Light Induced Charge Transfer 
A prominent subject within this thesis which is addressed within multiple chapters is 
that of light-induced charge transfer, one of the most fundamental chemical processes 
and that which can be considered to be one of the principal driving forces behind 
photosynthesis. There are numerous ways by which charge transfer can be measured, 
depending on the nature of the system involved. For example much 
work133,134,135,136,137,138 has been completed on the study of charge transfer within 
DNA. Strong evidence of its occurrence through base-base hopping via p-p overlap 
was given by measurements, which served to probe changes in oxidized guanine 
damage yield with response perturbations in the bases139,140. The efficiency of charge 
transfer through the mismatch was found to be linked to the stacking efficiency of the 
bases in the mismatch providing strong evidence that charges are transferred through 
the p-p stack141.   
 
Charge transfer can also be related to solvent polarity, a topic which is discussed at 
length in Chapter 4. Daub and co-workers142,143,144,145,146 have described the solvent 
dependent variation of the optical properties of some bodipy derivatives. The meso 
substituent varied from a crown-ether or thio-aza crown to a phenyl ring or the 
N,N’dimethylaniline unit. The latter substituent will be discussed in much greater 
detail in a subsequent chapter. In the N,N’dimethylaniline substituted bodipy and its 
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crown-ether analogue shown (Figure 9), Daub et al examined and compared the 
polarity dependent charge transfer emission. Extensive studies involving molecules 
consisting of aromatic amine donor groups directly and covalently bound to 
fluorophores has been carried out. Amines including anthracene147,148,149,150,151,152 
pyrene153,154 phenanthrene155, or acridine/ium156,157 have been extensively and 
successfully studied to elucidate mechanistic processes associated with charge 
transfer.  
 
Figure 9 - The dimethylanilinobodipy (right) and crown-ether aniline analogue (left) 
studied by Daub et al.  
 
Upon comparing the solvent dependent absorption and emission properties of amino-
substituted bodipy dyes, it was seen that in low polarity solvent systems, emission 
occurred solely from a locally excited state. However, in higher polarity solvents, an 
ultrafast excited state charge transfer reaction from the amino donor to the basic 
fluorophore occurs. Strong quenching of the locally excited emission is observed.  
Furthermore, a bathochromically shifted emission from a lower lying CT state can 
also be seen. The efficient non-radiative deactivation process can be utilized to 
construct a very efficient molecular switch as complexation/ protonation is found to 
block the CT pathway and switch on emission from the locally excited state.  
 
More recently, Nagano et al.158 investigated the mechanisms of the solvent dependent 
polarity changes in the fluorescence on/off threshold of aryl substituted bodipy 
derivatives. PET-dependent fluorescence quenching was found to occur more easily 
with increasing polarity of the medium and the group generated a library of 
environment-sensitive fluorescent probes to detect local polarity changes in 
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membranes, receptors and proteins. In addition to measuring polarity dependent 
charge transfer using photophysical techniques, NMR can also be used to probe the 
electronic environment over the carbon atoms of choice and deduce CT effects in this 
way. This is discussed in much greater detail in Chapter 4.  
 
Much attention has also been focused upon Metal-Ligand-Charge-Transfer (MLCT) 
over the past few decades159,160,161,162,163,164,165 and numerous CT sensitizers have been 
developed. These possess favourable properties including visible light absorption 
across a broad wavelength range and long excited state lifetimes and can often be 
used in both homogenous and heterogenous redox reactions. One of the best known 
MLCT lumophores is tris(2,2’-bipyridyl)-ruthenium(II). A derivative of this is cis-
di(thiocyanato)bis(2,2-bipyridyl-4,4’-dicarboxylate ruthenium(II) shown below in 
Figure 10, (alongside alternatively substituted examples). The series are generated by 
photosubstitution of Ru(bipy)3 by X
166,167,168 where X can be a halide, cyanide or 
thiocyanide anion. 
 
 
Figure 10 – The much studied cis-X2 bis(2,2’-bipyridyl-4-4’-
dicarboxylate)ruthenium(II) charge transfer sensitizer series (X = Cl
-
, Br
-
, I
-
, CN
-
, 
SCN
-
). 
 
The series of systems portrayed in Figure 10 are able to adsorb strongly to the surface 
of oxides such as TiO2, to generate strong electronic coupling between the CT excited 
state and the conduction band of the semiconductor. As a result, ultra-fast electron 
injection into the semiconductor occurs from the excited state complex with a 
quantum yield close to 100%159.   
 
Intramolecular charge transfer is also known to generate heteroatom containing σ-
electron systems169 with very different dipole moments in their ground and lowest 
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energy singlet excited states.  Most common examples have enlarged dipoles 
170,171,172, however this is not the case for betaines, such as the popular solvatochromic 
but non-fluorescent dye ET (30)
173 (2,6-di-phenyl-4(2,4,6-triphenyl-1-
pyridino)phenolate). ET (30) is an example of a system showing strong solvent 
dependent ground and excited state properties. In the ground state, the molecule is 
characterised by a charge separated electronic structure and its conformation is highly 
dependent upon the environment174,175. However, upon excitation to the first excited 
state through a CT mechanism, the molecule’s geometry changes176. Back electron 
transfer to the ground state is also an ultrafast solvent and temperature dependent 
process177,178. These observations collectively indicate a strong interaction of the 
system with the solvent.  The solvent sensitivity of the CT absorption band maximum 
has been used to define the empirical ET(30) polarity scale. 
 
It can be seen from this brief insight into charge transfer mechanisms that there are 
numerous ways by which this phenomenon can be investigated within organic 
systems. Furthermore, there are various recognisable characteristics of molecules 
possessing these charge transfer properties, which allow further elucidation and 
understanding of the topic. The applications of such systems vary dramatically from 
molecular sensing and probing devices and photosynthetic constructs, to data storage 
and superconductors. The use of advanced photophysical tools and spectroscopic 
measurements now provides us with a wealth of data on the topic and has vastly 
increased our understanding of important and fundamental processes.  
 
1.5 Conclusion 
Overall, it can be seen that there are an abundance of fascinating and inspiring devices 
which have been synthesised in recent years. These molecular systems are enabling 
the research community to get closer each day to realising the goal of sustaining the 
planet with renewable energy.  Using a range of meticulously developed synthetic 
techniques and chromatographic and crystallization methods, vast arrays can be 
assembled and purified. In addition to this, novel, clean and efficient catalysts are also 
being produced for the generation of hydrogen using water-splitting. Effective and 
robust components for photosynthetic mimics are constantly being developed to 
create workable systems.  
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In the meantime, bodipy continues to retain its place very much as the fluorophore of 
choice for a vast range of applications, due to its favourable synthetic and 
photochemical properties and the ease of functionalisation. Much research has been 
affected on developing novel techniques and expanding current ideas, both in terms of 
synthesising bodipy compounds and investigating and improving coupling conditions 
for appendage of spacer units and donor molecules. In addition to this, photophysical 
studies on the dyads prepared have provided much insight into charge-, electron- and 
energy-transfer mechanisms. It is hoped that the topics discussed herein will pave the 
way for future researchers undertaking similar projects and provide a thorough 
grounding for subsequent studies.    
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2.1 General Experimental 
 
Nuclear Magnetic Resonance spectroscopy 
1H and 13C NMR spectra were recorded with either Bruker AVANCE 300 MHz, 
JEOL 400 MHz, or JEOL Lambda 500 MHz spectrometers. 11B and 19F NMR spectra 
were recorded using the 400 MHz spectrometer. Chemical shifts for 1H and 13C NMR 
spectra are referenced relative to the residual protiated solvent. The 11B NMR 
chemical shift is referenced relative to BF3.Et2O (δ = 0ppm), and the 
19F NMR 
chemical shift is given relative to CFCl3 (δ = 0ppm). Simulated 
19F NMR spectra were 
created using the program NUMARIT. 
 
Mass spectrometry and elemental analysis 
Routine mass spectra and elemental analyses were obtained using in-house facilities. 
MALDI mass spectra were recorded at the EPSRC sponsored Mass Spectrometry 
Service at Swansea. Absorption spectra were recorded using a Hitachi U3310 
spectrophotometer and corrected fluorescence spectra were recorded using a Lambda 
Advanced F 4500 spectrometer. Uncorrected melting points were measured using a 
Stuart SMP11 apparatus and typically carried out twice to check for consistency in the 
readings.    
Absorption spectra 
Absorption spectra were recorded on a Hitachi U3310 UV/Visible dual-beam 
spectrophotometer. A baseline was recorded prior to making the measurement using 
spectroscopic grade solvent in a cuvette of 1cm path placed in each beam. Spectra 
were recorded with a solvent cuvette in the reference beam. Spectroscopic grade 
solvents were used in all fast kinetic experiments and fluorescence/absorption 
spectroscopy measurements.   
 
Emission spectra 
Emission spectra were recorded in quartz cuvettes using a Hitachi F4500 
spectrofluorimeter. Solutions used were optically dilute, with an absorbance at the 
excitation wavelength of <0.1, and were purged with nitrogen. Spectra were corrected 
by reference to a standard lamp. 
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Fluorescence lifetime measurements 
Ultrafast fluorescence decays were measured by an up-conversion method as 
described previously.1 The instrument (FOG100, CDP, Moscow, Russia) utilizes the 
second harmonic (420 nm) of a 50 fs Ti:sapphire laser (TiF50, CDP, Moscow, Russia) 
pumped by an Ar ion laser (Innova 316P, Coherent). The samples were placed in a 
rotating disk-shaped 1mm cuvette. A typical resolution for the instrument was 150 fs 
(fwhm). Fluorescence decays in the sub-nanosecond region were recorded using a PTI 
EasyLife LS fluorescence lifetime apparatus. The instrument response function was 
collected using a ludox solution, and the decay data processed using the en-suite 
fitting program associated with the equipment. The typical resolution of the 
instrument was 50 ps. These measurements were made by other members of the MPL. 
Infrared spectra 
Infrared spectra were recorded using an Avatar 370 DGTS spectrometer. The sample 
was run in the solid phase after dispersing on a diamond tip. 
 
Cyclic voltammetry  
Cyclic voltammetry experiments were performed using a fully automated HCH 
Instruments Electrochemical Analyzer and a three electrode set-up consisting of a 
platinum working electrode, a platinum wire counter electrode and an Ag/AgCl 
reference electrode. Ferrocene was used an internal standard. All studies were 
performed in deoxygenated solvent (typically CH3CN or DCM) containing TBATFB 
(0.2 M) as background electrolyte. Solvents were distilled immediately before making 
the measurement and were purged thoroughly with dried N2. The solute 
concentrations were typically 0.1 mM. Redox potentials were reproducible to within ± 
15 mV.  
 
Time-resolved absorption measurements 
Femto- to pico-second time-resolved absorption spectra were collected using a pump-
probe technique described previously1. The femtosecond pulses of a Ti-sapphire 
generator were amplified by using a multipass amplifier (CDP-Avesta, Moscow, 
                                                 
1 Tkachenko, N. V.; Rantala, L.; Tuaber, A. Y.; Helaja, J.; Hynninen, P. H.; Lemmetyinen, H. J. Am. 
Chem. Soc. 1999, 121, 9378-9387. 
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Russia) pumped by a second harmonic of the Nd:YAG Q-switched laser (model 
LF114, Solar TII, Minsk, Belorussia). The amplified pulses were used to generate 
second harmonic (420 nm) for sample excitation (pump beam) and the white light 
continuum for a time-resolved spectrum detection (probe beam). The samples were 
placed in 1 mm rotating cuvettes, and averaging of 100 pulses at a 10 Hz repetition 
rate was used to improve the signal-to-noise ratio.  The typical response time of the 
instrument was 150 fs (fwhm). Absorption spectra were recorded prior to and after all 
experiments to check for compound degradation. These measurements were made by 
other members of the MPL. 
Data analysis  
Time–resolved transient absorption data were manipulated using a freely available 
software package. In a typical analysis the whole collection of differential absorption 
spectra were inspected over the full time scale, and decay kinetics obtained at two 
specifically chosen wavelengths using an appropriate number of exponentials and 
instrument response function. Lifetimes obtained by a least-squares fit to the kinetic 
model were also checked by a global analysis at several different wavelengths. Up-
conversion fluorescence lifetimes were obtained by fitting the single-photon-counting 
data to different kinetic models using a variable Gaussian instrument response 
function. Analysis was attempted using mono- to tri-exponentials and the stretched 
exponential function. Best fits were judged by the usual methods of remaining 
residuals and sigma value.     
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2.2 Chemicals Used 
All chemicals employed in synthetic procedures, together with their supplier and 
stated purity are presented in Table 1. 
Chemical name Supplier 
 
Purity 
 
1-bromonaphthalene Sigma-Aldrich 97% 
1-bromo-4-methyl naphthalene Sigma-Aldrich 98% 
1-butyl-3-methylimidazolium 
tetrafluoroborate 
Sigma-Aldrich 97% 
1,4-dibromonaphthalene Accros Organics 99% 
(1,5-cyclooctadiene) 
(methoxy)iridium(I)dimer 
Sigma-Aldrich Not stated 
1-naphthol Sigma-Aldrich 99% 
1,5,6,7-tetrahydro-4H-indol-4-
one 
Sigma-Aldrich 98% 
(2-dicyclohexylphosphino-2’,6’-
dimethoxyphenyl) (S-PHOS) 
Sigma- Aldrich 97% 
2,2’-bipyridine GFS Chemicals 99% 
2,3-dichloro-5,6-dicyano-p-
benzoquinone 
Sigma-Aldrich 98% 
2,4-dimethyl-3-ethylpyrrole Sigma-Aldrich 97% 
2,4-dimethylpyrrole Sigma-Aldrich 97% 
4-bromo-1-naphthalene boronic 
acid 
Sigma-Aldrich Not stated 
4-bromobenzalaldehyde Sigma-Aldrich 99% 
4-methoxybenzyl chloride Sigma-Aldrich 98% 
4-nitrobenzaldehyde Sigma-Aldrich 98% 
4,4-di-tertbutyl-2,2dipyridyl Sigma-Aldrich 98% 
α,α,α-trifluorotoluene Sigma-Aldrich ≥99% 
Acetone –d6 Cambridge Laboratory supplies 99.9% atom D 
Acetonitrile-d3 Sigma-Aldrich 99.8% atom D 
Barium hydroxide AnalaR 98% 
Bis(1,5-
cyclooctadiene)diiridium(I) 
Sigma-Aldrich 97% 
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dichloride  
Bispinacolatodiboron 
Fluorochem 
Sigma-Aldrich 
97% 
99% 
Bistriphenylphosphine 
palladium (II) dichloride 
Sigma-Aldrich >99% 
Boron trifluoride diethyl 
etherate 
Sigma-Aldrich 
Purified by 
redistillation 
Caesium fluoride Alfa-Aesar 99% 
Calcium hydride Sigma-Aldrich 95% 
Carbon tetrachloride Sigma-Aldrich 99% 
Chloroform-d3 
Cambridge Laboratory supplies 
Sigma-Aldrich 
99.8% atom D 
99.8 atom % D 
Dimethyl sulfoxide–d6 Sigma-Aldrich 99.9 atom % D 
Dimethyl formamide Sigma-Aldrich 99.8% 
Ethylmagnesium bromide Sigma-Aldrich 
1.0M solution 
in THF 
Formamide Sigma-Aldrich 99.5% 
Hydrochloric acid, ACS reagent 
37% 
Sigma-Aldrich - 
Iodine Sigma-Aldrich 99.8% 
Julolidine Sigma-Aldrich 97% 
Magnesium Sulphate 
(anhydrous) 
Sigma-Aldrich 99.5% 
Magnesium turnings Sigma-Aldrich Not stated 
Methanol-d4 Cambridge Laboratory supplies 99.8% atom D 
Methylene chloride-d2 Cambridge Laboratory supplies 99.96% atom D 
Naphthalene-1-boronic acid Sigma-Aldrich ≥ 95% 
n-Butyllithium solution Sigma-Aldrich 
2.5 M in 
hexanes 
N-methyliminodiacetic acid Sigma-Aldrich 99% 
Palladium (II) acetate Sigma-Aldrich 98% 
Phosphorus (V) oxychloride Sigma-Aldrich 99% 
Potassium carbonate 
(anhydrous) 
Sigma-Aldrich ≥99% 
Potassium hydrogen difluoride Sigma-Aldrich ≥99% 
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Potassium iodide Sigma-Aldrich ≥99% 
Potassium phosphate tribasic Sigma-Aldrich 99% 
Pyrrole Sigma-Aldrich 98% 
Pyrrole-2-carbonitrile Sigma-Aldrich 96% 
Pyrrole-2-carboxaldehyde Sigma-Aldrich 98% 
Pyrrole-2-carboxaldoxime Alfa Aesar 97% 
Sodium acetate (anhydrous) Fluka ≥99% 
Sodium bicarbonate Sigma-Aldrich 99.7% 
Sodium borohydride Sigma-Aldrich 99.99% 
Sodium chloride Sigma-Aldrich 99.8% 
Sodium hydride Sigma-Aldrich 
60% dispersion 
in mineral oil 
Sodium hydroxide pellets Sigma-Aldrich 99% 
Sodium hydrogen carbonate Sigma-Aldrich 99.5% 
Sodium nitrite Sigma-Aldrich 97% 
Sodium sulphate (anhydrous) Fischer Not stated 
Sulphuric acid Fluka 95-97% 
Tetra-N-butyl ammonium 
tribromide 
Alfa-Aesar 98% 
Tetrakis(triphenylphosphine)pal
ladium(0) / Pd(PPh3)4 
Sigma-Aldrich 99% 
Tetrahydrofuran-d8 Cambridge Laboratory supplies 99.95% atom D 
Triethylamine Fluka ≥99.5% 
Triisopropyl borate Sigma-Aldrich ≥98% 
Trifluoroacetic acid Sigma-Aldrich 99% 
Trimethylborate Lancaster 99% 
Tert-Butyllithium solution Sigma-Aldrich 
1.7 M in 
pentane 
Toluene-d8 Cambridge Laboratory supplies 99.94% atom D 
 
Table 1 - Chemicals employed in preparative work. 
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2.3 Solvents 
 
All solvents used in preparative work are given in Table 2, in addition to the method 
of purification.  
 
Solvent 
 Purification  
α,α,α-trifluorotoluene 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
Acetonitrile 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
2-Butanol Distilled from calcium hydride under nitrogen 
Carbon tetrachloride Used as received from Sigma-Aldrich 
Dichloromethane Distilled from calcium hydride under nitrogen 
Diethyl ether Distilled from sodium/ benzophenone under nitrogen 
1,4-Dioxane Used as received from Sigma-Aldrich 
Ethanol 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
Ethyl acetate Used as received from Riedel-de-Haën 
Hexane Distilled from calcium hydride under nitrogen 
Methanol 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
Methyl sulfoxide Used as received from SAFC 
N,N-dimethylformamide 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
Petroleum ether Used as received from Riedel-de-Haën 
Propanol 
Used as received from Sigma-Aldrich (anhydrous, sure 
seal) 
Tertiary-butyl methyl 
ether 
Distilled from calcium hydride under nitrogen 
Tetrahydrofuran Distilled from sodium/ benzophenone under nitrogen 
Toluene Distilled from sodium under nitrogen 
 
Table 2 – The solvents employed in the synthetic protocols detailed within this thesis, 
along with their method of purification. 
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2.4 Experimental Protocol 
 
The following section of the thesis details the synthetic procedures carried out in order 
to synthesise the desired compounds which are discussed and studied within this 
work. All glassware was checked for staining, residues and overall cleanliness prior to 
use and was again washed with water and acetone and thoroughly dried in the oven 
overnight. Reaction vessels were also degassed prior to use. A stirrer bar was added to 
every reaction with the exception of those conducted under microwave (CEM 
Discover) irradiation. 
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2,3,6,7-Tetrahydro-1H, 5H, benzo[i,j]quinolizine- 9-carboxaldehyde
2
 
 
 
 
A 100 mL 2-necked flask charged with anhydrous DMF (10 mL, 129 mmol, 7.5 eq) 
was cooled in an ice bath. Phosphorus oxychloride (1.61 mL, 17.3 mmol, 1 eq) was 
then added dropwise with stirring to generate a yellow solution.  After 30 minutes, 
julolidine (3g, 17.3 mmol, 1 eq) in DMF (10 mL, 129 mmol, 7.5 eq) was added and 
the solution heated at 90˚C for 3 hours over which time it became yellow/ pale brown 
in colour.  
 
The reaction mixture was then cooled, poured onto crushed ice and neutralized to pH 
6-8 by an addition of saturated aqueous sodium acetate solution (~20 mL). The 
precipitate was collected by filtration and the crude material was then purified by 
column chromatography on silica gel, with DCM: petrol (6:1) as eluent. This afforded 
julolidine 9-carboxaldehyde, a yellow crystalline solid (2.62g, 75% yield), Mp = 80-
81˚C. (Lit. 82-83˚C)  
1H NMR (CDCl3, 300 MHz): δ (ppm) = 9.49 (s, 1H), 7.18 (s, 2H), 3.19 (t, J = 6.0 Hz, 
4H), 2.66 (t, J = 6.0 Hz, 4H), 1.87 (m, 4H).  
 
All chemical shift values were consistent with those stated in the literature2. 
 
 
 
 
 
 
 
 
 
                                                 
2 Smith, P. A. S.; Yu, T. Y. Journal of Organic Chemistry, 1952, 17, 1281. 
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5-2,3,6,7-Tetrahydro-1H, 5H, benzo[i,j]quinolizine dipyrromethane 
 
 
 
To a degassed solution of julolidine 9-carboxaldehyde (1.74g, 8.6 mmol, 1 eq) in 
redistilled pyrrole (41.78 mL, 602 mmol, 70 eq), was added a catalytic quantity of 
trifluoroacetic acid (0.064 mL, 0.86 mmol, 0.1 eq) which turned the yellow solution 
red/ purple. The reaction mixture was then protected from light and left to stir 
overnight. The following day, the reaction was heated to 40˚C for 4 hours and then 
left stirring overnight again at room temperature. The next day, the pyrrole was 
removed under reduced pressure and the reaction mixture diluted with DCM (50 mL) 
then washed with 0.1 M NaOH (3 x 100 mL), water (3 x 50 mL) before being 
separated and dried over sodium sulphate. Removal of the solvent under reduced 
pressure afforded a brown oily residue which was purified by column chromatography 
on basic alumina, using DCM / petrol (1:2) as eluent. This gave julolidine 
dipyrromethane, as a pale orange crystalline solid (0.81g, 30% yield), Mp = 118-
119˚C.     
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.90 (s, 2H), 6.68 (s, 4H), 6.20 (s, 2H), 6.00 
(s, 2H), 5.28 (s, 1H), 3.18 (t, J = 6.0 Hz, 4H), 2.76 (t, J = 6.0 Hz, 4H), 2.02 (m, 4H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 141.9, 133.5, 129.1, 126.8, 121.8, 116.6, 
108.3, 106.7, 50.1, 43.3, 27.7, 22.2.   
Acc Mass calculated for C21H23N3: 318.1964 Found 318.1970. 
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4,4’-Difluoro-8-(julolidinyl)-4-bora-3a,4a-diaza-s-indacene 
 
 
 
To a 3-necked flask, containing DCM (100 mL) was added julolidine dipyrromethane 
(0.81g, 2.55 mmol, 1eq) and the solution stirred for 5 minutes prior to the addition of 
DDQ (1.16g, 5.1 mmol, 2 eq). This caused the solution to turn from yellow to dark 
blue/ purple. The solution was then stirred at room temperature for 18 hours. N,N- 
diisopropylethylamine (2.53 mL, 14.54 mmol, 5.7 eq) and boron trifluoride 
diethyletherate (2.59 mL, 20.4 mmol, 8 eq) were added and the reaction was stirred 
overnight at room temperature. The solution (which was deep brown with an orange 
tint) was then washed with water (3 x 100 mL) and brine (3 x 100 mL). The separated 
organic fractions were dried with magnesium sulphate, filtered and the solvent 
removed under rotary evaporation to afford a deep blue solid. The crude material was 
then purified using column chromatography on silica gel. DCM / petrol (2:1) was 
used as eluent to afford a deep blue crystalline solid, JULBD (0.167g, 18% yield), 
Mp = 209-210˚C.  
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.83 (s, 2H), 7.14 (s, 2H), 7.06 (d, J = 4.0 Hz, 
2H), 6.52 (dd, J = 4.0, J’’= 1.9, 2H), 3.32 (t, J = 6.0 Hz, 4H), 2.81 (t, J = 6.0 Hz, 4H), 
2.01 (m, 4H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 148.6, 146.1, 140.7, 134.2, 131.1, 130.3, 
121.1, 120.9, 117.1, 50.0, 27.7, 21.4.  
11B NMR (160 MHz, CDCl3) δ = -0.61 (t, Jav = 29.5 Hz).  
19F NMR (470 MHz, CDCl3) δ = -145.07 (q, Jav = 36.6 Hz).  
MS (EI): m/z: 363 [M]+ for C21H20N3F2B.  
Elemental analysis calcd (%) for C21H20N3F2B : C 69.44, H 5.55, N 11.56 found C 
68.95, H 5.68, N 10.99.  
IR (neat): cm-1 = 1523, 1475 (C=C, C=N), 1190 (B-F) 
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5-Phenyldipyrromethane
3 
 
 
 
 
To a degassed solution of benzaldehyde (1.02 mL, 10 mmol, 1eq) in redistilled 
pyrrole (48.57 mL, 700 mmol, 70 eq), a catalytic quantity of trifluoroacetic acid 
(0.074 mL, 1 mmol, 0.1 eq) was added. This turned the yellow solution red/ purple. 
The flask was then protected from light and the reaction mixture left to stir overnight. 
The following day, a further portion of TFA (0.074 mL, 1 mmol, 0.1 eq) was added 
and the reaction heated for 4h then left stirring overnight until TLC indicated 
complete consumption of the aldehyde. The following day, the pyrrole was removed 
under reduced pressure and the reaction mixture diluted with DCM (50 mL), which 
was washed with 0.1M NaOH (3 x 100 mL), water (3 x 50 mL) before being 
separated and dried over sodium sulphate. The solvent was then removed under 
reduced pressure to give a brown oily residue. The crude product was purified by 
column chromatography on basic alumina using DCM and petrol (1:2) as eluent to 
afford phenyl dipyrromethane, a yellow/ pale brown solid (1.734g, 78% yield.) M.pt 
= 97-98˚C (lit. 100-101 ˚C)3. 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.85 (br s, 2H), 7.25 (m, 5H), 6.66 (ddd, J = 
2.6 Hz, J’ = 2.4 Hz, J’’ = 1.5 Hz, 2H), 6.16 (dd, J = 6.0 Hz, J’ = 2.7 Hz, 2H), 5.91 (m, 
2H), 5.44 (s, 1H).  
 
All chemical shifts are consistent with literature values.3 
 
 
 
 
 
 
 
 
 
 
                                                 
3 Wilson, R. M.; Hengge, A. J. Org Chem., 1987, 52, 2706. 
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4,4’-Difluoro-8-(phenyl)-4-bora-3a,4a-diaza-s-indacene
4,5 
 
 
 
 
 
To 3-necked flask was added phenyl dipyrromethane (1.65g, 7.43 mmol, 1 eq) and 
DCM (200 mL) and the grey/ brown solution stirred for 5 minutes prior to the 
addition of DDQ (3.38g, 15 mmol, 2 eq). This turned the reaction mixture deep blue. 
The solution was then left stirring overnight at room temperature. N,N-
diisopropylethylamine (7.37 mL, 42 mmol, 5.7 eq) and boron trifluoride 
diethyletherate (7.53 mL, 59 mmol, 8 eq) were added and the reaction stirred at room 
temperature overnight. The solution (which was deep brown with an orange tint) was 
then washed with water (3 x 150 mL) and brine (3 x 150 mL). The separated organic 
fractions were dried with magnesium sulphate, filtered and the solvent removed under 
rotary evaporation to afford a brown/ orange solid residue. The crude material was 
then purified using column chromatography on silica gel. DCM / petrol (2:1) was 
used as eluent and this gave PHBD, a red / orange crystalline solid. (1.33 g, 67% 
yield). M.pt = 102-103˚C. Lit. = 99-100˚C4.   
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.94 (s, 2H), 7.54 (m, 5H), 6.93 (d, J = 3.7 
Hz, 2H), 6.54 (d, J = 3.7 Hz, 2H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 147.3, 144.0, 134.8, 133.6, 131.5, 130,7, 
130.4, 128.4, 118.5. 
 11B NMR (160 MHz, CDCl3) δ = -0.79 (t, Jav = 28.3 Hz).  
19F NMR (470 MHz, CDCl3) δ = -141.42 (q, Jav = 31.4 Hz).  
IR (neat): cm-1 = 1530, 1474 (C=C, C=N), 1183 (B-F). 
 
 
 
                                                 
4 Wagner, R. W.; Lindsey, J. S. Pure & Appl. Chem. 1996, 68, 1373.  
5 Schmidt, E. Y.; Trofimov, B. A.; Mikhaleva, A. I.; Zorina, N. V.; Protzuk, N. I.; Petruchenko, K. B.; 
Ushakov, I. A.; Dvorko, M. Y.; Méallet-Renault, R.; Clavier, G.; Vu, T. T.; Tran, H. T. T.; Pansu, R. 
B., Chem. Eur. J. 2009, 15, 5823. 
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5-(4-Nitrophenyl) dipyrromethane
6
 
 
 
 
 
 
To a degassed solution of 4-nitro-benzaldehyde (1.25g, 8.29 mmol, 1 eq) in redistilled 
pyrrole (40 mL, 580 mmol, 70 eq) was added a catalytic quantity of boron trifluoride 
diethyletherate (4 drops). The flask was then protected from light and the reaction 
mixture stirred at room temperature overnight. The following day, TLC analysis 
indicated complete consumption of 4-nitro-benzaldehyde. Therefore, the reaction was 
quenched by the addition of an excess of crushed sodium hydroxide pellets, followed 
by a 30 minute stir. The pyrrole solvent was then removed by vacuum distillation and 
the mixture filtered to omit any residual sodium hydroxide pellets. This gave the 
crude dipyrromethane, which was then purified by column chromatography on basic 
alumina using ethyl acetate and petrol (2:5) as eluent. This gave nitrophenyl 
dipyrromethane, a red/orange crystalline solid (0.46g, 18% yield). M.pt = 158-159˚C 
(Lit = 159-160˚C)6. 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.16 (d, J = 8.7 Hz, 2H), 8.00 (br s, 2H), 7.37 
(d, J = 8.7 Hz, 2H), 6.74 (m, 2H), 6.18 (q, J = 3.0 Hz, 2H), 5.87 (s, 2H), 5.58 (s, 1H).  
 
All chemical shift values were consistent with those stated in the literature.6  
 
 
 
 
 
 
 
                                                 
6 Litter, B. J.; Miller, M. A.; Hung, C-J.; Wagner, R. W.; O’Shea, D. F. J. Org. Chem., 1999, 64, 4. 
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4,4’-Difluoro-8-(nitrophenyl)-4-bora-3a,4a-diaza-s-indacene 
 
 
 
To a 3-necked flask containing DCM (100 mL) was added nitrophenyl 
dipyrromethane (0.455g, 1.7 mmol, 1 eq) and the orange solution was left to stir for 5 
minutes. To this solution was added DDQ (0.77g, 3.4 mmol, 2 eq), which generated a 
dark blue/ purple solution. This was then stirred at room temperature for 18 hours. 
N,N-diisopropylethylamine (1.68 mL, 9.67 mmol, 5.7 eq) and boron trifluoride 
diethyletherate were added and the reaction was stirred overnight at room 
temperature. The brown solution was then washed with water (3 x 100 mL) and brine 
(3 x 100 mL). The separated organic fractions were dried with magnesium sulphate, 
filtered and the solvent removed under rotary evaporation to afford a deep blue solid. 
The crude material was purified using column chromatography on silica gel with 
DCM/ petrol (2:1) as eluent to afford a red crystalline solid, NITBD (0.256g, 48.1 % 
yield), M.pt = 277-278˚C.  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.41 (d, J = 8.8, 2H), 8.00 (s, 2H), 7.76 (d, J 
= 8.8, 2H), 6.85 (d, J = 4.0, 2H), 6.59 (d, J = 4.0, 2H).  
13C NMR (CDCl3): 149.1, 145.6, 143.8, 139.8, 134.5, 131.2, 131.2, 123.7, 119.4. 
 11B NMR (160 MHz, CDCl3) δ = -0.71 (t, Jav = 28.3 Hz).  
19F NMR (470 MHz, CDCl3) δ = -144.86 (q, Jav = 28.0 Hz).  
IR (neat): cm-1 = 1525 (NO2), 1544, 1479 (C=C, C=N), 1171 (B-F). 
MS (EI): m/z 313 [M]+ for C15H10N3O2BF2.  
Elemental analysis calcd (%) for C15H10BF2N3O2 C 57.55, H 3.22, N, 13.42 found C, 
58.65, H 3.30, N 12.33. (Note: a partial solvate of THF (e.g., 0.25) is probably 
associated with the crystal sample which accounts for the high carbon content).   
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4,4’-Difluoro-8-(julolidinyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-
indacene 
 
 
 
To a stirred solution of 2,4-dimethyl-3-ethylpyrrole (1.75 mL, 12.9 mmol, 2.1 eq) and 
julolidine 9-carboxaldehyde (1.25g, 6.16 mmol, 1 eq) in DCM (300 mL) was added a 
catalytic quantity of TFA (3 drops). This turned the solution from pale yellow to 
purple. The reaction mixture was then stirred at room temperature until TLC showed 
complete consumption of the aldehyde (18 hours). DDQ (1.47g, 6.47 mmol, 1.05 eq) 
was then added in a single portion (this turned the mixture deep blue) and the reaction 
was left to stir at room temperature for 18 hours. N,N-diisopropylethylamine (12.88 
mL, 73.9 mmol, 12 eq) and boron trifluoride diethyletherate (13.11 mL, 103 mmol, 
16.8 eq) were added and the reaction was stirred overnight at room temperature. The 
solution was then washed with water (3 × 200 mL) and brine (3 × 200 mL). The 
separated organic fractions were dried over magnesium sulphate, filtered and the 
solvent removed under rotary evaporation to afford a dark violet residue with a green 
tint. The crude material was purified using column chromatography on silica gel with 
toluene as eluent to afford a green crystalline solid with a purple tint. This solid was 
then recrystallized by slow diffusion from DCM and petrol to give JULBD2 (0.30g, 
10% yield). The colour of the crystals did not alter upon recrystallisation. M.pt = 240-
241˚ C.  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.59 (s, 2H), 3.20 (t, J = 6.0, 4H), 2.74 (t, J = 
6.0 Hz, 4H), 2.51 (s, 6H), 2.31 (q, J = 7.5 Hz, 4H), 1.99 (m, 4H), 1.47 (s, 6H), 0.99 (t, 
J = 7.5, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 152.53, 142.82, 142.29, 138.49, 132.09, 
131.45, 126.47, 122.15, 121.75, 49.99, 27.53, 22.04, 17.09, 14.64, 12.39, 12.21.  
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11B NMR (160 MHz, CDCl3) δ = -0.12 (t, Jav = 33.2 Hz).  
19F NMR (470 MHz, CDCl3) δ = -145.68 (q, Jav = 32.7 Hz).  
IR (neat): cm-1 = 2966, 2930, 2871 (C-H), 1536, 1472 (C=C, C=N), 1184 (B-F).  
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1-Bromo-4-(bromomethyl)naphthalene
7
 
 
 
 
In a 2-necked 250 mL round bottomed flask fitted with a reflux condenser, a solution 
of 1-bromo-4-methyl naphthalene (4.3 mL, 27.6 mmol, 1 eq), in α,α,α-trifluorotoluene 
(100 mL) was purged with nitrogen for one hour. NBS (5.40g, 30.36 mmol, 1.1 eq) 
and benzoyl peroxide (0.267g, 1.10 mmol, 0.04 eq) were then added under a stream of 
nitrogen and the mixture was refluxed overnight. The reaction mixture was then left to 
cool to room temperature and filtered. The filtrate was concentrated to dryness in 
vacuo and the crude material purified by column chromatography on silica gel with 
hexane / ethyl acetate (11:1) as eluent. The pure product was isolated as a pale yellow 
fluffy solid, (8.0g, 97% yield). M.pt = 103-105 ºC (Lit = 102-104ºC)7. 
 
1H NMR (CDCl3): δ = 8.14-8.34 (2m, 2H, aromatic), 7.64-7.70 (m, 2H, aromatic), 
7.73 (d, J = 8 Hz, 1H, aromatic), 7.39 (d, J = 8 Hz, 1H, aromatic), 4.92 (s, 2H, CH2) 
ppm.  
 
The spectroscopic data was in accordance with the literature7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
7 Carreno, M. C.; Hernandez-Sanchez, R.; Mahugo, J.; Urbano, A.; J. Org. Chem. 1999, 64, 1387.   
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4-Bromonaphthaldehyde
8
 
 
 
 
 
To a 250 mL round bottomed flask equipped with a stirrer bar was added previously 
synthesized 1-bromo-4-bromomethylnaphthalene (8.0g, 27 mmol, 1 eq) and DMSO 
(90 mL). The reaction mixture was purged with nitrogen for one hour prior to the 
addition of NaHCO3 (4.54g, 54 mmol, 2 eq). The solution was then stirred at 95˚C for 
3 hours, by which time TLC analysis of the reaction mixture showed complete 
consumption of the starting material. The brown solution was then washed with water 
and the separated organic fractions were then dried over sodium sulphate, filtered and 
the solvent removed in vacuo to leave a pale brown residue. This material was 
purified by column chromatography on silica gel using hexane/ ethyl acetate (9:1) as 
eluent to give the pure product as a fluffy white solid, (5.6g, 90% yield.) M.pt = 119-
120ºC (Lit = 120-122ºC)8. 
 
1H NMR (CDCl3): δ = 7.66-7.82 (m, 2H, aromatic), 7.81 (d, J = 8.0 Hz, 1H, 
aromatic), 7.97 (d, J = 8.0 Hz, 1H, aromatic), 8.36 (d, J = 8.0 Hz, 1H, aromatic), 9.26 
(d, J = 8.0 Hz, 1H), 10.35 (s, 1H, CHO) ppm.  
 
The spectroscopic data was in accordance with the literature8.  
 
 
 
 
 
 
 
 
 
 
 
                                                 
8 Chen, H.; Luzy, J-P.; Gresh, N.; Garbay, C. Eur. J. Org. Chem. 2006, 10, 2329. 
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4,4’-Difluoro-8-(para-bromonaphthyl-)1,3,5,7-tetramethyl-2,6-diethyl-4-bora-
3a,4a-diaza-s-indacene 
 
 
 
To a nitrogen purged solution of 2,4-dimethyl-3-ethylpyrrole (1.46 mL, 10.84 mmol, 
2.1 eq.) and para-bromonaphthaldehyde (1.21g, 5.16 mmol, 1.0 eq.) in DCM (200 
mL) was added dropwise a catalytic quantity of TFA (2 drops). The reaction was 
allowed to stir at room temperature for 18 hours, by which time TLC analysis showed 
complete consumption of the aldehyde. To this solution was added DDQ (1.23 g, 5.4 
mmol, 1.05 eq.) which turned the solution dark blue/ purple. The solution was then 
stirred overnight at room temperature. N,N-diisopropylethylamine (10.79 mL, 61.92 
mmol, 12.0 eq.) and boron trifluoride diethyletherate (10.99 ml, 86.69 mmol, 16.8 eq.) 
were added, and again the reaction was left to stir overnight at room temperature. The 
mixture was then washed with water (3 x 150 mL) and brine (3 x 150 mL) and the 
separated organic fractions were dried over magnesium sulphate and filtered. The 
solvent was removed in vacuo to afford a pink/ purple residue with a greenish tint. 
The crude material was then purified by column chromatography on silica gel using 
toluene as eluent to afford a purple/ green crystalline solid, BRNBD (1.55g, 59% 
yield). This solid was then frozen in ether and the solvent removed at the pump and 
finally washed with petrol. M.pt = 197-198˚C.  
 
1H NMR (CDCl3): δ = 8.34 (d, J = 8.2 Hz, 1H, aromatic), 7.91 (d, J = 7.3 Hz, 1H, 
aromatic), 7.89 (d, J = 8.2 Hz, 1H, aromatic), 7.64 (t, J = 7.1 Hz, 1H, aromatic), 7.51 
(t, J = 7.1 Hz, 1H, aromatic), 7.29 (d, J = 7.3 Hz, 1H, aromatic), 2.61 (s, 6H, CH3), 
2.27 (q, J = 7.5 Hz, 4H, CH2CH3), 1.02 (s, 6H, CH3), 0.96 (t, J = 7.5 Hz, 6H, 
CH2CH3) ppm.  
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13C NMR (CDCl3, 75 MHz): δ (ppm) = 154.07, 137.81, 136.94, 133.24, 133.03, 
132.76, 131.86, 130.97, 129.75, 127.89, 127.83, 127.23, 126.42, 125.57, 123.72, 
16.85, 14.42, 12.41, 11.14.   
11B NMR (160 MHz, CDCl3) δ = -0.00 (t, Jav = 32.0 Hz).  
19F NMR (470 MHz, CDCl3) δ = -145.6 (m) 
EI-MS : m/z calc. for C27H28BBr2F2N2 =  509 found 509 [MH]
+.  
IR (neat): cm-1 = 2963, 2928, 2870 (C-H), 1534, 1474 (C=C, C=N), 1182 (B-F) 
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9-Bromo-(2,3,6,7-Tetrahydro-1H, 5H, benzo[i,j]quinolizine)
9
 
 
 
 
 
To a 2-necked round bottomed flask was added julolidine (2.50g, 14.43 mmol, 1eq) in 
freshly distilled acetonitrile (200 mL). This was purged with nitrogen for one hour 
prior to the addition of N-bromosuccinimide (2.54g, 14.43 mmol, 1 eq) which turned 
the mixture deep yellow from red/orange. The reaction was stirred overnight at room 
temperature. The crude product was then taken up in dichloromethane and washed 
with water. The separated organic fractions were then reduced in vacuo to leave a 
deep red, oily material. This was then purified using column chromatography on silica 
gel with DCM/ petrol (1:3) as eluent to afford a red oily solid (2.25g, 62% yield.)  
 
1H NMR (300 MHz, CDCl3): δ = 7.11 (s, 2H), 3.33 (t, J = 6.0 Hz, 4H), 2.92 (t, J = 6.0 
Hz, 4H), 2.17 (m, 4H).  
 
The spectroscopic data was in accordance with the literature9. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
                                                 
9 Zysman-Colman, E.; Arias, K.; Siegel, J. S. Canadian Journal of Chemistry, 2009, 87, 440.  
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9-(4,4,5,5-Tetramethyl-1, 3, 2-dioxaborolan-2-yl)-2,3,6,7-Tetrahydro-1H, 5H, 
benzo[i,j]quinolizine  
 
 
 
 
A flame dried Schlenk flask was charged with PdCl2(CH3CN)2 (0.02g, 0.08 mmol, 4 
mol %), S-Phos (0.131g, 0.32 mmol,16 mol%) and 9-bromojulolidine (0.504g, 2 
mmol, 1eq). The Schlenk tube was then capped with a rubber septum and thoroughly 
degassed. Triethylamine (2 mL) and pinacolborane (0.384g, 3 mmol, 1.5 eq) were 
then added, followed by dioxane (8 mL). The Schlenk tube was sealed and the 
reaction stirred at 80ºC for 24 hours. The reaction solution was then filtered through a 
thin pad of celite and fully eluted with ethyl acetate. The eluent was then concentrated 
under reduced pressure and the crude material obtained purified by column 
chromatography on silica gel (DCM/ Petrol) (1:1) to give a very pale yellow slightly 
oily solid (0.24g, 40 % yield).  
 
1H NMR (300 MHz, CDCl3): δ = 7.17 (s, 2H), 3.09 (t, 4H, J = 6.0 Hz), 2.66 (t, 4H, J 
= 6.0 Hz), 1.86 (m, 4H), 1.23 (s, 12H).  
13C NMR (300 MHz, CDCl3): δ = 145.45, 133.79, 126.90, 120.34, 82.99, 50.14, 
27.64, 24.85, 22.12.    
11B (400 MHz, CDCl3): δ 29.91 (s)  
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4,4’-Difluoro-8-(para-julolidine-naphthyl-)-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene 
 
 
 
 
To a 3-necked round bottomed flask was added julolidine boronic ester (0.05g, 0.167 
mmol, 2eq) in freshly distilled THF (5 ml). This was degassed for 30 minutes prior to 
the addition of BRNBD (0.043g, 0.084 mmol, 1eq) and potassium carbonate 
(0.0008g, 0.006 mmol, 0.07 eq) solubilized in water (0.5 mL). This mixture was then 
degassed for a further 45 minutes, before the flask was transferred to the microwave, a 
degassed condenser inserted and the stirrer bar removed. 
Tetrakis(triphenylphosphine)palladium(0) (0.0097g, 0.008 mmol, 10 mol %) was 
rapidly added, the flask stoppered and the reaction heated (μW, 30 min, 100 Watt). 
The reaction mixture was then filtered through a silica plug and the solvent removed 
in vacuo. The crude material was then taken up in dichloromethane (50 mL), washed 
with sodium bicarbonate solution (0.6M, 50 mL) and the combined organic fractions 
dried over magnesium sulphate. The crude material was then filtered and again the 
solvent removed under reduced pressure. Purification was achieved by flash column 
chromatography (DCM/ petrol 2:1) to give the product, JULNBD as a pink solid, 
(0.084g, 50.2% yield).  
1H (CDCl3, 300 MHz): δ = 8.08 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.35 (m, 
4H), 6.94 (s, 2H), 3.17 (t, J = 6.0 Hz, 4H), 2.80 (t, J = 6.0 Hz, 4H), 2.50 (s, 6H), 2.19 
(q, J = 7.5 Hz, 4H), 2.00 (m, 4H), 0.97 (s, 6H), 0.88 (t, J = 7.5 Hz, 6H).  
13C (CDCl3): δ = 153.60, 142.41, 142.11, 139.14, 138.37, 132.55, 132.40, 131.90, 
131.42, 131.41, 128.69, 127.23, 126.75, 126.52, 126.32, 125.98, 125.72, 125.42, 
121.30, 50.05, 27.74, 22.10, 17.06, 14.62, 12.56, 11.26.  
11B (CDCl3): δ = 0.00 ppm, triplet, Jav = 33.22.  
19F (CDCl3): δ -145.55, triplet, Jav = 33.23. 
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1-Bromo-naphthalene-4-MIDA boronate  
 
 
 
 
To a 100 mL round bottomed flask was added 4-bromo-1-naphthalene boronic acid 
(0.3g, 1.20 mmol, 1 eq), N-methyliminodiacetic acid (0.176g, 1.20 mmol, 1eq), 
toluene (40 mL) and DMSO (4mL). The flask was fitted with a Dean Stark trap and a 
condenser and the solution was refluxed with stirring overnight. It was then allowed 
to cool to room temperature before being concentrated under reduced pressure 
initially on the rotary evaporator to remove excess toluene, then using a kugelrohr to 
remove residual DMSO. The material was a colourless oil which crystallized upon 
cooling to room temperature to generate a white crystalline solid (0.36g, 79% yield). 
 
1H (CDCl3, 300 MHz): δ = 8.52 (m, 1H), 8.38 (m, 1H), 7.91 (d, J = 7.7 Hz, 2H), 7.68 
(t, J = 7.7 Hz, 2H), 4.48 (d, J = 17.1, 2H,), 4.21 (d, J = 17.1, 2H), 2.64 (s, 3H). 
13C (CDCl3): δ = 169.84, (C=O) 138.96, 134.59, 132.85, 130.31, 128.49, 127.84, 
127.66, 127.24, 126.01, 122.60, 63.06, (NCH2) 47.82 (NCH3). 
11B (CDCl3): δ = 11.24 ppm (s).  
 
For further information on the MIDA protecting group please refer to the reference 
below.10 
 
 
 
 
 
 
 
 
 
 
                                                 
10 Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc, 2007, 129, 6716. 
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4,4’-Difluoro-4-bora-(3a,4a)-diazaindacene
11 
 
 
 
 
 
 
To a 500 mL round bottomed flask was added a solution of pyrrole (0.28 mL, 4mmol, 
1 eq) and trifluoroacetic acid (2 drops) in dichloromethane (100 mL). This was 
degassed and stirred at room temperature for an hour, prior to the dropwise addition of 
2-formyl pyrrole (0.456 mL, 4.8 mmol, 1.2 eq) dissolved in dichloromethane (50 mL). 
The reaction was then stirred until the aldehyde was shown by TLC to be completely 
consumed. The material was then cooled in an ice bath prior to addition of N’N-
diisopropylethylamine (14 mL, 80.4 mmol, 20.1 eq) solubilised in dichloromethane 
(40 mL). This was followed by the addition of boron trifluoride diethyletherate (20 
mL, 157.8 mmol, 39.5eq) in DCM (40 mL). The reaction was then stirred at 25˚C 
overnight.  
It was then washed with water (3 x 100 mL) and brine (3 x 100 mL), dried over 
magnesium sulphate, filtered and the solvent evaporated to give the crude product. 
This was then purified by column chromatography using toluene as eluent.  
 
1H (CDCl3, 400 MHz): δ = 7.90 (s, 2H), 7.42 (s, 1H), 7.15 (d, J = 3.0 Hz, 2H), 6.55 
(d, J = 3.0 Hz, 2H)  
13C (CDCl3, 500 MHz): δ = 118.89, 131.39, 131.02, 135.26, 145.17.  
11B NMR (160 MHz, CDCl3) δ = -0.63 (t, Jav = 28.3 Hz).  
19F NMR (470 MHz, CDCl3) δ = -145.02 (q, Jav = 37.6 Hz).   
 
 
 
 
 
                                                 
11Schmitt, A.; Hinkeldey, B.; Wild, M.; Jung, G. Journal of fluorescence, 2009, 19, 755. 
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4,4’-Difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene
12,13 
 
 
 
To a 1L round bottomed flask, charged with freshly distilled DCM (500 mL) were 
added formamide (0.88 mL, 22.2 mmol, 1 eq) and 2,4-dimethyl-3-ethyl pyrrole (6.29 
mL, 46.6 mmol, 2.1eq). These reagents were degassed together at room temperature 
and then a catalytic quantity of trifluoroacetic acid added (2 drops). The reaction was 
then stirred at room temperature until TLC showed complete consumption of the 
aldehyde. Next, DDQ (5.29g, 23.3 mmol, 1.05 eq) was added in a single portion, 
which turned the reaction mixture deep blue and the reaction was left to stir at room 
temperature overnight. Next, N,N-diisopropylethylamine (26.6 mmol, 46.33 mL, 12 
eq) and boron trifluoride diethyl etherate (316 mmol, 40 mL, 14.2 eq) were added. 
The reaction was then stirred at room temperature overnight. The reaction mixture 
was then washed with brine (3 x 300mL) and with water (3 x 300 mL), filtered 
through a sintered funnel then concentrated to dryness on the rotary evaporator. The 
crude product was purified by column chromatography on silica gel (toluene) to give 
a green/ purple solid (2.02 g, 30% yield). M.pt = 187-189 ºC (Lit = 187-188ºC).11 
 
1H (CDCl3, 300 MHz): δ = 6.94 (s, 1H), 2.50 (s, 6H), 2.38 (q, J = 7.5 Hz, 4H), 2.16 (s, 
6H), 1.06 (t, J = 7.5 Hz, 6H).  
 
The spectroscopic data was in accordance with the literature12,13. 
 
 
 
 
 
 
                                                 
12 Wood, T. E.; Berno, B.; Beshara, C. S.; Thompson, A. J. Org. Chem, 2006, 71, 2964. 
 
13 Falk, H.; Hofer, O.; Lehner, H. Monatsh. Chem., 1974, 105, 169.   
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1-(Ethoxymethyl)-4-methoxybenzene
14
  
 
 
 
 
 
To a 100mL round bottomed flask were added ethanol (50 mL), formamide (1mL, 
25.2 mmol, 1 eq) and potassium acetate (0.35g, 2.5 mmol, 0.1eq). This mixture was 
degassed for 1 hour at room temperature and then 4-methoxybenzyl chloride (5.12 
mL, 37.7 mmol, 1.5 eq) added along with a degassed condenser. This mixture was 
then refluxed with stirring overnight. The following morning, the reaction mixture 
was filtered to remove unreacted potassium acetate and the organic layer was taken up 
in DCM and washed with water. The combined organic layers were then dried 
(sodium sulphate), filtered and evaporated to dryness on the rotary evaporator. This 
gave a white crystalline solid (3.26g, 78% yield).  
 
1H (CDCl3, 300 MHz): δ = 7.25 (m, 2H), 6.85 (m, 2H), 4.41 (s, 2H), 3.73 (s, 3H), 
3.49 (q, J = 6.9 Hz, 2H), 1.22 (t, J = 6.9 Hz, 3H).  
 
All chemical shift values were consistent with those stated in the literature.14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
14 Braverman, S.; Reisman, D. Tetrahedron, 1974, 30, 3891. 
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4,4’-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene
15,16
  
 
 
 
 
To a stirred solution of 2,4-dimethylpyrrole (1.01 mL, 9.84 mmol, 2.1 eq.) and 
formamide (0.17 mL, 4.92 mmol, 1 eq.) in DCM (100 mL) was added dropwise a 
catalytic quantity of TFA (2 drops). The reaction was allowed to stir at room 
temperature overnight. The following day, DDQ (1.17 g, 5.17 mmol, 1.05 eq.) was 
added in a single portion, and the reaction was again left stirring overnight at room 
temperature. N,N-diisopropylethylamine (5.66 mL, 59.04 mmol, 12.0 eq.) and boron 
trifluoride diethyletherate (8.73 ml, 68.88 mmol, 14 eq.) were added, and the reaction 
was left to stir overnight once again at room temperature. The reaction mixture was 
washed with water (3 x 100 mL) and brine (3 x 100 mL). The separated organic 
fractions were dried (MgSO4), filtered and removed to yield a deep purple residue 
with a green tint. The residue was chromatographed on silica gel (toluene) to afford a 
green/ orange solid, (0.36g, 30% yield).  
 
1H NMR (CDCl3, 400 MHz): δ (ppm) = 6.93 (s, 1H), 5.94 (s, 1H), 7.01 (d, J = 8.9 Hz, 
1H), 2.44 (s, 6H), 2.13 (s, 6H).  
 
Spectroscopic data was in accordance with literature values15,16. 
 
 
 
 
 
 
 
                                                 
15 Wu, L.; Burgess, K.. Chem. Commun. 2008, 40, 4933. 
16 Yogo, T.; Urano, Y.; Ishitsuka, Y.; Maniwa, F.; Nagano, T. J. Am. Chem. Soc. 2005, 127, 12162. 
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4,4’-Difluoro-8-(N-para-methoxyphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-
3a,4a-diaza-s-indacene  
 
To a stirred solution of 2,4-dimethyl-3-ethylpyrrole (1.19 mL, 8.9 mmol, 2.1 eq.) and 
anisaldehyde (0.70 g, 4.24 mmol, 1 eq.) in DCM (200 mL) was added a catalytic 
quantity of TFA (2 drops). The reaction was stirred at room temperature overnight. 
Next, DDQ (1.01 g, 4.45 mmol, 1.05 eq.) was added in a single portion, and the 
reaction was again left stirring overnight at room temperature. N,N-
diisopropylethylamine (8.86 mL, 50.88 mmol, 12.0 eq.) and boron trifluoride 
diethyletherate (9.03 ml, 71.23 mmol, 16.8 eq.) were added, and the reaction was left 
to stir for 6 hours. The reaction mixture was washed with water (3 × 150 mL) and 
brine (3 × 150 mL). The separated organic fractions were dried (MgSO4) and filtered 
and residual solvent removed to yield a deep violet residue with a green tint. The 
residue was chromatographed on silica gel (toluene) to afford a red solid with a green 
tint (0.70g, 40% yield). 
 
1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.14 (d, J = 7.5 Hz, 2H), 6.99 (d, J = 7.5 Hz, 
2H), 3.83 (s, 3H), 2.52 (s, 6H), 2.29 (q, 4H), 1.33 (s, 6H), 0.97 (t, J = 4.0 Hz, 6H). 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 159.87, 153.27, 140.20, 138.27, 132.46, 
131.03, 129.26, 127.59, 114.28, 55.05, 16.88, 14.48, 12.27, 11.65.  
11B NMR (CDCl3, 160 MHz): δ (ppm) = -0.12 (t, Jav = 33.22 Hz).  
19F NMR (CDCl3, 470 MHz): δ (ppm) = -145.49 (q, J = 30.82 Hz).  
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N-Methoxybenzyl formamide
17 
 
 
 
To a 50 mL round bottomed flask were added formamide (25 mL, 0.74 moles, 49 eq) 
and methoxybenzyl chloride (2 mL, 0.015 moles, 1 eq). The mixture was refluxed at 
185˚C for 2 hours and after this time the reaction mixture went yellow. The mixture 
was then poured over ice water and the organic material extracted with DCM. The 
product was then recrystallised from ethanol and washed with petrol to give a white 
powdery solid. Yield = 2.36g, 95%, m.pt = 78-79°C (Lit 79-80°C)17. 
 
1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.96 (s, 1H, CHO), 7.44 (s, 1H), 7.04 (d, J = 
8.5 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 4.17 (d, J = 5.9 Hz, 2H), 3.61 (s, 3H).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
17 Pigge, F. C.; Coniglio, J. J.; Fang, S. Organometallics, 2002, 21, 4505 
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4,4’-Difluoro-8-(dimethylamino-phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-
3a,4a-diaza-s-indacene. 
 
 
 
 
 
To a stirred solution of 2,4-dimethyl-3-ethylpyrrole (1.88 mL, 14 mmol, 2.1 eq.) and 
4-dimethylaminobenzaldehyde (1.0 g, 6.7 mmol, 1.0 eq.) in DCM (250 mL) was 
added dropwise TFA (2 drops). The reaction was allowed to stir at room temperature 
until TLC showed complete consumption of the aldehyde. DDQ (1.60 g, 7.0 mmol, 
1.05 eq.) was then added in a single portion, and the reaction was left stirring 
overnight at room temperature. The following day N,N-diisopropylethylamine (14.00 
mL, 80.4 mmol, 12.0 eq.) and boron trifluoride diethyletherate (14.26 ml, 113 mmol, 
16.8 eq.) were added, and the reaction was left to stir for 6 hours at room temperature. 
The reaction mixture was washed with water (3 × 200 mL) and brine (3 × 200 mL). 
The separated organic fractions were dried (MgSO4) and filtered and the solvent 
removed in vacuo to yield a black/dark violet residue with a green tint. This was 
chromatographed on silica gel using toluene as eluent to afford a red solid (0.648 g, 
22 % yield). This solid was then frozen in ether and the solvent removed at the pump 
and finally washed with petrol. M.pt. = > 250°C.  
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.06 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 
2H), 3.02, (s, 6H, N-(CH3)2) 2.53 (s, 6H), 2.31 (q, J = 7.4, 4H), 1.26 (s, 6H), 0.99 (t, J 
= 7.4 Hz, 6H). 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 152.93, 150.56, 141.55, 138.58, 132.33, 
131.48, 128.96, 123.06, 112.33, 40.38, 17.08, 14.64, 12.42, 11.93.   
11B NMR (CDCl3, 160 MHz): δ (ppm) = -0.12 (t, Jav = 34.45 Hz).  
19F NMR (CDCl3, 470 MHz): δ (ppm) = -145.66 (q, J = 28.59 Hz) 
IR (neat): cm-1 = 2958, 2923, 2854 (C-H), 1527, 1473 (C=C, C=N), 1183 (B-F).  
EI-MS : m/z calc. for C25H32BF2N3 =  424.2728 fnd 424.2731 [MH]
+.  
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5-(4-Dimethylaminophenyl)-dipyrromethane
18
 
 
 
 
To a degassed solution of N,N-dimethylaminobenzaldehyde (2.0 g, 13.4  mmol, 1 eq) 
in redistilled pyrrole (65.08 mL, 938 mmol, 70 eq), was added a catalytic quantity of 
trifluoroacetic acid (2 drops) which turned the yellow solution pink/ red. The reaction 
mixture was then protected from light and left to stir overnight. The following day, 2 
further drops of TFA were added to the reaction mixture and the reaction was heated 
to 40˚C for 4 hours and then left stirring overnight again at room temperature. The 
next day, the pyrrole was removed under reduced pressure and the reaction mixture 
diluted with DCM (50 mL) then washed with 0.1 M NaOH (3 x 100 mL), water (3 x 
50 mL) before being separated and dried over sodium sulphate. Removal of the 
solvent under reduced pressure afforded a deep brown oily residue which was purified 
by column chromatography on basic alumina, using DCM / petrol (1:2) as eluent. This 
gave N,N-dimethylaminophenyldipyrromethane, as a pale brown crystalline solid 
(1.81g, 51% yield), Mp = 118-119˚C. (No melting point was provided in the 
literature).  
 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.87 (br s, 2H, pyrrole-NH), 7.60 (d, 2H, J = 
8.5 Hz), 7.04 (d, J = 8.5 Hz, 2H), 6.65 (m, 2H, pyrrole-H), 6.12 (m, 2H, pyrrole-H), 
5.89 (m, 2H, pyrrole-H), 5.35 (s, 1H, meso-H), 2.89 (s, 6H). 
 
Chemical shifts in accordance with the literature18. 
 
 
 
                                                 
18 Durantini, E. N. Molecules, 2001, 6, 533. 
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4,4’-Difluoro-8-(4-dimethylaminophenyl)-4-bora-3a,4a-diaza-s-indacene
19
 
 
 
 
To a 250 mL 2-necked round bottomed flask was added dimethylaminophenyl 
dipyrromethane (1g, 3.77 mmol, 1.0 eq) in DCM (150 mL). This mixture was 
degassed with stirring for one hour, prior to the addition of DDQ (1.71g, 7.54 mmol, 
2.0 eq). The reaction was stirred overnight at room temperature and the following 
morning N,N-diisopropylethylamine (3.74 mL, 21.49 mmol, 5.7 eq) was added, 
followed by boron trifluoride diethyletherate (3.82 mL, 30.16 mmol, 8 eq). The 
reaction was then stirred overnight at room temperature. The reaction mixture was 
washed with water (3 × 100 mL) and brine (3 × 100 mL). The separated organic 
fractions were dried (MgSO4), filtered and the residual solvent removed in vacuo to 
yield a black/dark violet residue with a green tint. The residue was chromatographed 
on silica gel (toluene) to afford the bright green crystalline solid DMABD (0.71g, 
61% yield). This solid was then frozen in ether and the solvent removed at the pump 
and washed with petrol. M.pt > 250 °C (Lit M.pt > 195°C) 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.87 (s, 2H), 7.56 (d, J = 9.0 Hz, 2H), 7.04 
(d, J = 4.2, 2H), 6.80 (d, J = 9.0 Hz, 2H), 6.55-6.53 (m, 2H), 3.11 (s, 6H). 
 
Chemical shifts in-keeping with literature values19 
 
 
 
 
 
 
 
 
                                                 
19 Peña-Cabrera, E.; Aguilar-Aguilar, A.; González-Domínguez, M.; Lager, E.; Zamudio-Vázquez, R.; 
Godoy-Vargas, J.; Villanueva-García, F. Organic Letters, 2007, 9, 3985. 
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1,4-Bis(naphthalenylboronic acid)
20
 
 
 
 
To a 3-necked 250 mL flask equipped with a condenser and dropping funnel was 
added magnesium turnings (0.51g, 21.0 mmol, 3.0 eq). The flask was thoroughly 
degassed and a solution of 1,4-dibromonaphthalene (2.0g, 7 mmol, 1.0 eq) in freshly 
distilled THF (35 mL) was added with stirring in two portions. The first portion (7 
mL) was added and the reaction initiated by adding a few crystals of iodine and the 
solution was then warmed to 45˚C. The remaining portion (28 mL) of the solution was 
added over 30 minutes and then the solution was warmed to 65˚C and allowed to 
reflux overnight. In the morning a pale yellow/ cream slurry was present. This was 
allowed to cool to room temperature and was then immersed in a dry ice/ acetone bath 
and cooled to -65˚C. Trimethyl borate (3.9 mL, 35 mmol, 5.0 eq) was then added 
drop-wise as a solution in dry THF (12 mL) over a 60 minute period, then the mixture 
was slowly warmed to room temperature and stirred overnight. The mixture was then 
hydrolysed with 2M HCl to decompose the residual Mg turnings and the solution 
extracted with diethyl ether. The organic layer was washed with brine, dried (MgSO4) 
and the solvent removed. The residue was then recrystallised from ether to give the 
product as a white fluffy solid (1.10g, 55% yield) M.pt = >250°C (Lit >300°C21) 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.40-7.60 (m, 4H), 7.65 (s, 2H), 8.24-8.50 
(m, 4H).  
 
Chemical shifts in-keeping with literature values20. 
 
 
 
 
 
 
 
                                                 
20 Zhang, F-J; Cortez, C.; Harvey, R. G. J. Org. Chem, 2000, 65, 3952.   
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4-(4-(4,4’-Difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacen-
1-yl)naphthalene-1-yl)-N)N,dimethylaniline 
 
 
In a flame dried Schlenk flask, a solution in THF (20 mL) of BRNBD (0.15g, 0.295 
mmol, 1.0 eq), 4-dimethylaminophenyl boronic acid (0.10g, 0.620 mmol, 2.1 eq) and 
sodium carbonate (0.093g, 0.885 mmol, 3 eq) in water was degassed for an hour prior 
to addition of the catalyst, tetrakis (triphenylphosphine) palladium(0) (0.02g, 0.024 
mmol, 0.08 eq). The reaction was then heated with continuous stirring overnight at 
60˚C. The following morning, the crude reaction mixture was left to cool before being 
filtered through a silica filled cotton wool plugged glass pipette to remove the 
unreacted catalyst. The residual solvent was then removed under rotary evaporation 
and the crude product taken up in DCM and washed with sodium carbonate solution 
(0.6 M). The combined organic fractions were then dried over sodium sulphate, 
filtered and the DCM removed in vacuo to yield a black/dark violet residue with a 
green tint. The residue was chromatographed on silica gel (toluene) to afford the red 
solid DMANBD (0.11g, 68% yield). This solid was then frozen in ether and the 
solvent removed at the pump and washed with petrol. M.pt = > 250°C.  
 
1H NMR (CDCl3, 300 MHz): δ(ppm) = 8.11 (d, J = 7.5 Hz, 2H), 7.87 (d, J = 7.5 Hz, 
2H), 7.46, (m, 4H), 6.91 (d, J = 9.0 Hz, 2H), 3.07 (s, 6H, N-(CH3)2), 2.59 (s, 6H), 2.28 
(q, J = 7.3, 4H), 1.07 (s, 6H), 0.97 (t, J = 7.3 Hz, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 11.25, 12.56, 14.61, 17.05, 40.56, 112.21, 
125.49, 125.76, 125.95, 126.14, 126.27, 126.53, 126.65, 130.94, 131.43, 131.74, 
131.93, 132.43, 132.61, 138.34, 138.99, 141.80, 149.95, 153.68.  
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11B NMR (CDCl3, 160 MHz): δ (ppm) = 0.0192 (t, Jav = 33.22 Hz).  
19F NMR (CDCl3, 470 MHz): δ (ppm) = -145.39 (multiplet).  
EI-MS: m/z calc. for C25H32BF2N3 = 550 fnd 550 [MH]
+.  
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(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)(trifluoromethyl)benzene
21
 
 
 
                                                  2            :           1 
 
A flame dried Schlenk flask was charged with [IrCl(COD)]2 (10.1 mg, 0.015 mmol, 
0.015 eq), 2,2’-bipyridine (4.7 mg, 0.03 mmol, 0.03 eq), bispinacolatodiboron (254 
mg, 1 mmol, 1 eq) α,α,α-trifluorotoluene (7.37 mL, 60 mmol, 60 eq) and freshly 
distilled hexane (6 mL). The resulting mixture was heated with stirring at 80˚C 
overnight. The following morning, the reaction mixture was allowed to cool to room 
temperature and the organic layer passed through a short silica plug. The flask was 
rinsed with a further portion of hexane. The material contained pure para and ortho 
products. The material was then diluted with ether and a small portion transferred to a 
vial for GC analysis. Para (major) isomer = 0.29g (66 % yield), meta (minor) isomer 
= 0.15g (33% yield). 
 
1H NMR (CDCl3, 300 MHz): δ(ppm) meta isomer = 1.35 (s, 12H), 7.47 (t, J = 7.6 Hz, 
1H), 7.68 (d, J = 7.8 Hz, 1H), 7.97 (d, J = 7.6 Hz, 1H), 8.04 (s, 1H), (para isomer) 
1.34 (s, 12 H), 7.59 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 7.8 Hz, 2H).  
 
 
 
 
 
 
 
 
 
                                                 
21 Ishiyama, T, Ahiko, T.; Miyaura, N. J. Am. Chem. Soc, 2002, 124, 12414. 
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4,4’-Difluoro-8-(binaphthyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-
s-indacene 
 
 
 
To a flame dried Schlenk flask was added Pd(OAc)2 (4.17 mg, 0.0186 mmol, 4 mol 
%), S-Phos (0.015g, 0.00372 mmol, 8 mol%), 1-naphthalene boronic acid (0.120g, 
0.698 mmol, 1.5 eq) and potassium phosphate (190mg, 1.395mmol, 3eq). BRNBD 
(80 mg, 0.465 mmol, 1 eq) was added and the system degassed. Freshly distilled 
toluene was then added (2 mL) and the reaction was then stirred at 105˚C overnight. 
The following morning, the organic material was taken up in ether and washed with 
water. The combined organic fractions were then dried over sodium sulphate, filtered 
and evaporated to dryness. The material was then purified by small scale column 
chromatography (toluene). This gave the pure product as a red/ purple solid, BNBD 
(0.135g, 52% yield). 
 
1H NMR (CDCl3, 300 MHz): δ(ppm) = 7.93-8.02 (m, 3H), 7.29-7.67, (m, 10H), 2.51 
(s, 6H), 2.32 (q,d, J = 4.2 Hz, J’= 3 Hz, 4H), 1.22, (s, 3H), 1.16 (s, 3H), 0.99 (t, J = 6 
Hz, J’= 4Hz, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 11.28, 12.60, 14.66, 17.09, 125.37, 125.46, 
125.70, 125.90, 125.99, 126.23, 126.59, 126.75, 126.99, 127.68, 127.98, 128.33, 
131.38, 132.03, 132.57, 132.80, 132.92, 133.16, 133.54, 137.82, 138.05, 138.31, 
138.53, 139.71, 153.89.  
11B NMR (CDCl3, 160 MHz): δ (ppm) = 0.0384 (t, Jav = 33.23 Hz).  
19F NMR (CDCl3, 470 MHz): δ (ppm) = -145.62 (multiplet).  
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1,1'-Binaphthalene
22 
 
 
 
 
To a flame dried Schlenk flask was added Pd(OAc)2 (4.49 mg, 0.02 mmol, 2 mol %), 
S-Phos (33mg, 0.08 mmol, 8 mol%), 1-naphthalene boronic acid (258mg, 1.5 mmol, 
1.5 eq) and potassium phosphate (636 mg, 3.0 mmol, 3eq). 1-bromonaphthalene (207 
mg, 1.0 mmol, 1 eq) was then added and the system degassed. Freshly distilled 
toluene was then added (2.0 mL). The reaction was then stirred at 105˚C overnight. 
The following morning the organic material was taken up in ether and washed with 
water. The combined organic fractions were then dried over sodium sulphate, filtered 
and evaporated to dryness before being taken up in ether and passed through a silica 
plug. Upon evaporation of the solvent, a white solid remained, (0.152g, 59% yield). 
M.pt = 143-147°C (Lit =143-146°C).  
 
1H NMR (CDCl3, 300 MHz): δ(ppm) = 7.85-7.82 (m, 7H), 7.48-7.45, (m, 7H). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
22 Sakellarios, E.; Kyrimis, T. Chem. Ber., 1924, 57, 324.  
Chapter 2 
66 
 
(1,5-Cyclooctadiene) (Methoxy)Iridium(I)dimer
23,24
 
 
 
 
 
 
To a flame dried Schlenk flask was added [Ir(cod)Cl]2 (149 mg, 0.222 mmol, 1 eq), 
anhydrous sodium carbonate (149 mg, 1.41 mmol, 6.35 eq) and methanol (5 mL). 
These were stirred together at 60˚C for 45 minutes. When the yellow solution began 
to turn brown, heating was stopped. The reaction mixture was cooled to room 
temperature and and the yellow solid obtained was filtered and washed with water and 
methanol. The solid was then dried under vacuum to give a yellow powdery solid 
(0.14g, 95% yield). M.pt = 155-160 ºC, (Lit = 154-179 ºC) 24,25.     
 
1H NMR (CDCl3, 300 MHz): δ(ppm) = 3.42-3.60 (m, 8H, CH), 3.18 (s, 6H, OCH3), 
2.08-2.40 (m, 8H, CH2), 1.24-1.50 (m, 8H, CH2). 
 
 
Chemical shifts in keeping with the literature.23,24 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
23 Pannetier, G.; Fourgeroux, P.; Bonnaire, R.; Platzer, N.  J. Less Common Met. 1971, 24, 83. 
24 Maringo, M.; Marsich, N.; Farnetti, E. Journal of Molecular Catalysis A: Chemical. 2002, 187, 169.  
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4,4’-Difluoro-8-(naphthyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-
indacene 
 
To a stirred, degassed solution of 2,4-dimethyl-3-ethylpyrrole (3.63 mL, 26.9 mmol, 
2.1) and 1-naphthaldehyde (2g, 12.8 mmol, 1 eq) in DCM (200 mL) was added TFA 
(2 drops), which turned the solution red from pale yellow. The reaction was then 
stirred at room temperature until TLC showed complete consumption of the aldehyde 
(18 hours). DDQ (3.04g, 13.4 mmol, 1.05 eq) was then added in a single portion (this 
turned the mixture deep blue) and the reaction was left to stir at room temperature for 
16 hours. Next, N,N-diisopropylethylamine (26.76 mL, 153 mmol, 12.0 eq) and boron 
trifluoride diethyletherate (27.25 mL, 215 mmol, 16.8 eq) were added, the addition of 
which generated a white gas and a pinkish tint developed in the reaction mixture. 
After stirring at room temperature overnight, the reaction mixture was washed with 
water (3 × 150 mL) and brine (3 × 150 mL). The separated organic fractions were 
dried over MgSO4 and filtered. The solvent was then removed under reduced pressure 
to yield a deep violet residue with a green tint. The residue was purified by column 
chromatography on silica gel using toluene as eluent to afford a green crystalline solid 
(3.0g, 55% yield). This solid was then recrystallized by slow diffusion from DCM and 
petrol to give NAPBD. The colour of the crystals did not alter upon recrystallisation. 
Mp = 160-163˚ C.  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.95 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 8.1 Hz, 
1H), 7.82 (d, J = 8.1 Hz, 1H), 7.54 (m, 2H), 7.40 (m, 2H), 2.57 (s, 6H), 2.24 (q, J = 
7.5, 4H), 0.96 (s, 6H), 0.93 (t, J = 7.5, 6H). 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 153.77, 138.48, 138.18, 133.44, 133.24, 
132.65, 131.95, 131.24, 128.98, 128.07, 127.05, 126.47, 126.12, 125.74, 125.18, 
17.00, 14.57, 12.53, 11.07.  
11B NMR (160 MHz, CDCl3) δ = -0.00 (t, Jav = 33.2 Hz).  
19F NMR (470 MHz, CDCl3) δ = - 145.46 (m).  
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N-Ethyl-4-hydroxy-N,N-diisopropyl-4,5,6,7-tetrahydro-1H-indol-4-aminium 
 
 
To a stirred solution of 1,5,6,7-tetrahydro-4H-indol-4-one (2.02 g, 15 mmol, 2.1 eq.) 
and formamide (0.32 mL, 7.14 mmol, 1 eq.) in DCM (150 mL) was added dropwise a 
catalytic quantity of TFA (3 drops). The reaction was allowed to stir at room 
temperature overnight. N,N-diisopropylethylamine (14.92 mL, 86 mmol, 12.0 eq.) 
and boron trifluoride diethyletherate (15.20 ml, 120 mmol, 16.8 eq.) were added, and 
the reaction was left to stir overnight once again at room temperature. The reaction 
mixture was washed with water (3 x 100 mL) and brine (3 x 100 mL). The separated 
organic fractions were dried (MgSO4), filtered and removed to yield a deep red 
residue. The residue was chromatographed on silica gel (DCM with methanol (2%)) 
to afford a green/ orange solid, (0.36g, 30% yield).  
 
1H NMR (CDCl3, 400 MHz): δ (ppm) = 9.83 (br s, 1H), 6.88 (br s, 1H), 6.61 (t, J = 
2.6 Hz, 1H), 6.35 (t, J = 2.6 Hz, 1H), 3.63 (m, 1H), 3.11 (m, 1H), 2.91 (s, 1H), 2.80 
(s, 1H), 2.76 (t, J = 6.4 Hz, 2H), 2.36 (dd, J’ = 7.1 Hz, J’’ = 5.6 Hz, 2H), 2.05 (pentet, 
J = 6.4 Hz, 2H), 1.35 (m, 15H).     
11B NMR (160 MHz, CDCl3) δ = -2.02 (s).  
19F NMR (470 MHz, CDCl3) δ = -149.50 (s).  
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4,5,6,7-Tetrahydro-1H-indole
25
 
 
 
 
To a 250 mL round-bottomed flask was added 1,5,6,7-tetrahydro-4H-indol-4-one (2g, 
14.8 mmol, 1.0 eq) and sodium borohydride (0.84g, 22.2 mmol, 1.5 eq). A reflux 
condenser was added and the system fully degassed. 2-propanol was added (50 mL) 
and the mixture refluxed overnight at 90˚C. The material was purified by column 
chromatography on silica gel (hexane/ ethyl acetate (9 :1)) to give the pure indole as a 
white solid (1.08g, 60% yield). M.pt = 55-57°C (Lit = 53-57°C) 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.5-7.7 (br s, 1H, NH), 6.55 (t, J = 2.6 Hz, 
1H), 6.00 (t, J = 2.6 Hz ,1H), 1.80-1.91 (m, 4H), 1.50-1.78 (m, 4H). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
25 Patterson, J.M.; Soedigdo, S. J. Org. Chem. 1967, 32, 2969. 
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(E)-1-(Benzyloxy)-4-(2-nitroprop-1-en-1-yl)benzene 
 
 
 
To a round bottomed flask was added 4-benzyloxybenzaldehyde (2.00 g, 9.42 mmol, 
1 eq) and ammonium acetate (1.82 g, 23.6 mmol, 2.5 eq). The flask was degassed and 
nitroethane (150 mL) delivered via a syringe. The reaction mixture was then heated 
overnight at 60°C. The organic material was taken up in DCM and washed with 
water. The organic layer was dried (MgSO4) and filtered and the solvent was then 
removed in vacuo. The product was recrystallized from chloroform and ether to give 
shiny yellow crystals (1.60g, 63% yield). 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.46 (d, J = 9.0 Hz, 2H), 7.36 (d, J = 9.0 Hz, 
2H), 7.25 (m, 3H), 7.04 (d, J = 9.0 Hz, 2H), 2.68 (s, 2H), 2.33 (s, 3H). 
 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 160.02, 146.08, 137.02, 132.99, 128.55, 
128.01, 127.71, 125.03, 115.37, 69.82, 13.48.  
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Ethyl 3-(4-(Benzyloxy)phenyl)-4-methyl-1H-pyrrole-2-carboxylate 
 
 
 
To a 250 mL flask fitted with a reflux condenser was added (E)-1-(benzyloxy)-4-(2-
nitroprop-1-en-1-yl)benzene (1.4g, 5.20 mmol, 1eq). The flask was thoroughly 
degassed prior to the addition of freshly distilled THF (50 mL) and tertiary butyl 
alcohol (50 mL). DBU (0.87g, 5.72 mmol, 1.1 eq) and ethyl isocyanoacetate (0.37g, 
5.2 mmol, 1 eq) were then added. This mixture was stirred at room temperature for 20 
minutes and then at 60°C overnight. In the morning the reaction had turned from 
yellow to deep orange/ red. The solvent was removed in vacuo and the remaining 
orange oil taken up in DCM and washed with water. The combined organic layers 
were dried (MgSO4), filtered and the solvent removed. This gave an orange solid. 
Upon recrystallisation from chloroform and ether, orange crystals remained (1.0g, 
58% yield).  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 9.18 (br s, 1H, N-H of py), 7.45 (m, 5H 
aromatic benzyl protons), 7.32 (d, J = 8.8 Hz, 2H, CH aromatic), 7.02 (d, J = 8.8 Hz, 
2H, CH aromatic), 6.81 (s, 1H (H-C-NH of pyrrole)), 5.15 (s, CH2 of benzyloxy, 2H), 
4.13 (q, J = 7.2 Hz, 2H, CH2-CH3), 1.97 (s, 3H (CH3, on pyrrole backbone)), 1.18 (t, J 
= 7.2 Hz, 3H, CH3CH2).  
 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 161.12, 157.68, 137.17, 133.80, 131.40, 
130.72, 128.52, 127.88, 127.50, 127.18, 120.36, 118.79, 113.85, 69.95, 59.89, 14.15, 
10.57. 
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1,4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene 
 
 
 
A flame dried Schlenk flask was charged with 1,4-dibromonaphthalene (1.0g, 3.5 
mmol, 1 eq), PdCl2(CH3CN)2 (0.036g, 0.14 mmol, 4 mol%) and S-Phos (0.23g, 0.56 
mmol, 16 mol%). The flask was thoroughly degassed prior to the addition of 
triethylamine (4 mL), dioxane (20 mL) and pinacolborane (8.75 mmol, 1.12g, 2.5eq). 
The resulting mixture was then heated at 80˚C for 24 hours with rapid stirring. The 
reaction mixture, which was deep orange in colour, was then allowed to cool to room 
temperature and was passed through a short silica plug and eluted with ethyl acetate. 
The solvent was then removed in vacuo to leave a yellow solid. Recrystallisation from 
petrol gave white needle-shaped crystals (0.31g, 23% yield).  
 
1H NMR (C6D5CD3, 300 MHz): δ (ppm) = 9.27 (dd, J = 6.5 Hz ; J’ = 3.4 Hz, 2H), 
8.44 (s, 2H), 7.51 (dd, J = 6.5 Hz; J’ = 3.4 Hz, 2H), 1.18 (s, 24H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 136.69, 136.44, 134.36, 128.45, 125.14, 
82.65, 23.86.  
11B NMR (160 MHz, CDCl3) δ = 30.76 (s)  
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2-Phenyl-1H-pyrrole
26,27
 
 
 
 
In a flame dried flask, pyrrole (2mL, 28.8 mmol, 1 eq) and ethyl magnesium bromide 
(11.36 mL, 34.6 mmol, 1.2 eq), were suspended in dry dioxane (12 mL) and stirred at 
room temperature for ten minutes. This generated a homogenous suspension. The 
ethyl magnesium bromide was added cautiously to the pyrrole as bubbling was 
observed. When the dioxane was added, this was also delivered slowly over time and 
it generated a cloudy solution, which became a homogenous suspension. Pd(OAc)2 
(1.44 mmol, 0.32g, 5 mol %) was then added along with PPh3 (1.51g, 5.76 mmol, 20 
mol %) with vigorous stirring. Iodobenzene (3.84 mL, 34.6 mmol, 1.2 eq) was then 
dissolved in dioxane (6 mL) and added dropwise to the solution and the reaction 
mixture heated to 150˚C. The reaction mixture became deep turquoise in colour. It 
was heated at 150˚C for 6 hours and after this time a very deep blue/green viscous 
material remained. Chloroform was added to the flask and the reaction mixture was 
filtered through a pad of silica in a sintered funnel into a round bottomed flask. The 
solvent was then removed in vacuo and the crude material dried under vacuum. The 
material was then purified by column chromatography on silica gel (ethyl acetate: 
hexane (1:2 then increased over time to 3:1)). This gave pure 2-phenyl-1H-pyrrole as 
a white solid (2.04g, 49% yield). 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.35 (br s, 1H), 7.16 (t, J = 7.5 Hz, 1H), 7.42 
(d, J = 7.5, 2H), 7.35 (t, J = 7.5 Hz, 2H), 6.85 (m, 1H), 6.65 (m, 1H), 6.40-6.38 (m, 
1H). 
 
Chemical shifts are in accordance with the literature26,27.  
 
 
                                                 
26 Burghart, A.; Kim, H.; Welch, M. B.; Thoresen, L. H.; Reibenspies, J.; Burgess, K.; 
Bergstrom, F.; Johansson, L. B. J. Org. Chem. 1999, 64, 7813  
27 Sezen, B.; Sames, D. J. Am. Chem. Soc, 2003, 125, 5274. 
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4’-Difluoro-8-(phenyl)-1,3-diphenyl-4-bora-3a,4a-diaza-s-indacene 
 
 
 
To a stirred solution of phenylpyrrole (0.25g, 1.75 mmol, 2.1 eq) and benzaldehyde 
(0.09 mL, 0.832 mmol, 1 eq) in DCM (40 mL) was added TFA (2 drops). This turned 
the solution red from pale pink. The reaction was then stirred at room temperature 
until TLC showed complete consumption of the aldehyde (18 hours). DDQ (0.2g, 
0.087 mmol, 1.05 eq) was then added in a single portion and the reaction was left to 
stir at room temperature for 16 hours. Next, N,N-diisopropylethylamine (1.74 mL, 
9.98 mmol, 12.0 eq) and boron trifluoride diethyl etherate (1.73 mL, 14 mmol, 16.8 
eq) were added, the addition of which generated a white gas and a pinkish tint 
developed in the reaction mixture. After stirring at room temperature overnight, the 
reaction mixture was washed with water (3 × 100 mL) and brine (3 × 100 mL). The 
separated organic fractions were dried over MgSO4 and filtered. The solvent was then 
removed under reduced pressure to yield a deep pink residue. Finally, this material 
was purified by column chromatography on silica gel using toluene as eluent to afford 
a pink/ purple crystalline solid (0.44 g, 6% yield).  
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.87 (m, 4H), 7.57 (m, 5H), 7.42, (m, 6H), 
6.90 (d, J = 6.0 Hz, 2H) 6.64 (d, J = 6.0 Hz, 2H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 159.01, 136.46, 134.48, 132.72, 130.97, 
130.66, 130.22, 129.55, 128.83, 128.33, 127.33, 127.25, 120.98.  
11B NMR (160 MHz, CDCl3) δ = 0.46 (t), Jav = 32.06 Hz 
19F NMR (470 MHz, CDCl3) δ = 132.41 (q), Jav = 28.84 Hz.   
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2-(4-Methylphenyl)pyrrole
28 
 
 
 
In a flame dried flask, pyrrole (2mL, 28.8 mmol, 1 eq) and ethyl magnesium bromide 
(11.36 mL, 34.6 mmol, 1.2 eq), were suspended in dry dioxane (12 mL) and stirred at 
room temperature for ten minutes. This generated a homogenous suspension. The 
ethyl magnesium bromide was added cautiously to the pyrrole as bubbling was 
observed. When the dioxane was added, this was also delivered slowly over time and 
it generated a cloudy solution, which became a homogenous suspension. Pd(OAc)2 
(1.44 mmol, 0.32g, 5 mol %) was then added along with PPh3 (1.51g, 5.76 mmol, 20 
mol %) with vigorous stirring. Iodotoluene (7.54g, 34.6 mmol, 1.2 eq) was then 
dissolved in dioxane (20 mL) and added dropwise to the solution and the reaction 
mixture heated to 150˚C. The reaction mixture became deep turquoise in colour. It 
was heated at 150˚C for 4 hours and after this time a very deep blue/green viscous 
material remained. The material was then stirred for a further 16 hours at 115ºC. 
Chloroform was added to the flask and the reaction mixture was filtered through a pad 
of silica in a sintered funnel into a round bottomed flask. The solvent was then 
removed in vacuo and the crude material dried under vacuum. The material was then 
purified by column chromatography on silica gel (ethyl acetate: hexane (1:2 then 
increased over time to 3:1)). This gave pure 2-phenyl-1H-pyrrole as a white solid 
(2.04g, 49% yield). 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.43 (br s, 1H), 7.40 (d, J = 7.2 Hz, 2H), 7.22 
(d, J = 7.2, 2H), 6.90-6.86 (m, 1H), 6.58-6.56 (m, 1H), 2.39 (s, 3H). 
 
Chemical shifts are in accordance with the literature28.  
 
 
 
                                                 
28 Wen, J.; Qin, S.; Ma, L. F.; Dong, L.; Zhang, J.; Liu, S. S.; Duan, Y. S.; Chen, S. Y.; Hu, C. W.; Yu, 
X. Q. Org. Lett. 2010, 12, 2694-2697 
Chapter 2 
76 
 
4,4’-Difluoro-8-(phenyl)-1,3-ditolyl-4-bora-3a,4a-diaza-s-indacene 
 
 
To a stirred solution of 2-tolyl-1H-pyrrole (0.25g, 1.75 mmol, 2.1 eq) and 
benzaldehyde (0.09 mL, 0.832 mmol, 1 eq) in DCM (40 mL) was added TFA (2 
drops), which turned the solution red from pale pink. The reaction was then stirred at 
room temperature until TLC showed complete consumption of the aldehyde (18 
hours). DDQ (0.2g, 0.0874 mmol, 1.05 eq) was then added in a single portion (this 
turned the mixture deep blue) and the reaction was left to stir at room temperature for 
16 hours. Next, N,N-diisopropylethylamine (1.74 mL, 9.98 mmol, 12 eq) and boron 
trifluoride diethyletherate (1.73 mL, 14 mmol, 16.8 eq) were added, the addition of 
which generated a white gas and a pinkish tint developed in the reaction mixture. 
After stirring at room temperature overnight, the reaction mixture was washed with 
water (3 × 100 mL) and brine (3 × 100 mL). The separated organic fractions were 
dried over MgSO4 and filtered. The solvent was then removed under reduced pressure 
to yield a deep pink residue. This material was purified by column chromatography on 
silica gel using toluene as eluent to afford a pink/ purple crystalline solid (0.4g, 9% 
yield). M.pt = 244-247 oC 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.87 (d, J = 6.0 Hz, 2H), 7.78 (d, J = 6.0 Hz, 
2H), 7.56, (m, 5H), 7.41 (m, 2H), 7.23 (d, J = 6.0 Hz, 2H) 6.86 (m, 2H), 6.61 (m, 2H). 
2.39 (s, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 159.51, 158.51, 131.14, 130.66, 130.12, 
129.53, 129.50, 129.44, 129.14, 128.33, 128.27, 121.05, 120.70, 21.56.  
11B NMR (160 MHz, CDCl3) δ = -0.46 (t, Jav = 32.07 Hz).  
19F NMR (470 MHz, CDCl3) δ (ppm) = -132.41 (q, Jav = 30.09 Hz 
 
Chapter 2 
77 
 
1-(Dimethylaminophenyl)naphthalene 
 
 
 
A flame dried Schlenk flask was charged with Pd(OAc)2 (0.04g, 0.19 mmol, 4 mol%), 
S-Phos (0.16g, 0.39 mmol, 0.08eq), 4-(dimethylamino)phenylboronic acid (0.96g, 5.8 
mmol, 1.2eq) and potassium phosphate (1.97g, 14.49 mmol, 3eq). Finally, 1-
bromonaphthalene (1g, 4.83 mmol, 1eq) and freshly distilled toluene were added and 
the resulting mixture was heated at 105˚C for 24 hours with rapid stirring. The 
reaction mixture, which was pale yellow in colour, was then allowed to cool to room 
temperature and was passed through a silica plug. The solvent was then removed in 
vacuo to leave a yellow solid. This was purified by column chromatography to give a 
white crystalline solid, (0.41g, 34% yield).  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.18 (d, 4H, J = 7.5 Hz, 1H), 8.03 (d, J = 7.5 
Hz, 1H), 7.94, (d, J = 7.5 Hz, 1H), 7.58 (m, 6H), 6.99 (d,t, J = 9 Hz, J’= 3 Hz, 2H), 
3.13 (s, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 149.80, 140.42, 133.88, 132.06, 130.76, 
129.01, 128.16, 126.79, 126.69, 126.27, 125.66, 125.52, 125.44, 112.24, 40.55.   
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1-Iodo-4-bromonaphthalene
29
 
 
 
 
In a 250 mL flask, 4-bromonaphthalen-1-amine (1g, 4.5 mmol, 1.0 eq) was dissolved 
in HCl (18mL) and distilled water (18mL) with cooling to give a suspension. This 
suspension was cooled in an ice bath prior to the dropwise addition of a cooled 
solution of sodium nitrite (0.39g, 5.6 mmol, 1.3 eq) in water (10 mL). The resulting 
brown mixture was thoroughly stirred for one hour whilst immersed in an ice bath. 
Finally, potassium iodide (1.08g, 6.5 mmol, 1.4 eq) was dissolved in water (10 mL) in 
a round bottomed flask equipped with a stirrer bar and to this the diazo solution was 
added with vigorous stirring. The reaction mixture was then stirred at room 
temperature overnight. The product was extracted into diethyl ether and the combined 
organic layers washed with brine, dried (MgSO4) and evaporated to dryness. The 
residual solid was purified by flash column chromatography on neutral aluminium 
oxide using hexane as eluent to give the desired product, a fluffy orange solid (0.91g, 
61% yield).  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.19 (m, 1H), 8.08 (m, 1H), 7.90 (d, J = 7.9 
Hz, 1H), 7.61 (m, 2H), 7.48 (d,  J = 7.9 Hz, 1H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 137.51 (ArC), 135.30 (ArC), 132.93 (ArC), 
132.60 (ArC), 130.86 (ArC), 128.68 (ArC), 128.32 (ArC), 128.02 (Ar-C), 124.22 (Ar-
C-Br), 99.07 (ArC-I). 
 
 
 
 
 
                                                 
29 PhD Thesis of Dr Sarah Mitchell, “Design and construction of naphthalene-based architectures for 
long distance electron exchange”, submitted January 2006.  
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1-(Dimethylaminophenyl)-4-bromonaphthalene 
 
 
 
A flame dried Schlenk flask was charged with 1-iodo-4-bromonaphthalene (0.40g, 1.2 
mmol, 1.1 eq), dimethylaminophenylboronic acid (0.18g, 1.1 mmol, 1 eq) and 
Pd(PPh3)4 (0.05g, 0.044 mmol, 4 mol %). Na2CO3 (2.0M) (1mL, 3.0eq) and freshly 
distilled THF (8mL) were then added and the resulting mixture was heated at 80˚C for 
24 hours with rapid stirring. The reaction mixture, which was deep orange in colour, 
was then allowed to cool to room temperature and was passed through a short silica 
plug and the solvent removed to leave a very pale yellow solid. (0.36g, 99% yield).  
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.23 (d, J = 7.7 Hz, 1H), 7.93 (d, J = 7.7 Hz, 
1H), 7.73, (d, J = 7.7 Hz, 1H), 7.52 (m, 1H), 7.39 (m, 1H), 7.27 (m, 2H), 7.19 (t, J = 
3.8 Hz, 1H), 6.79 (m, 2H), 3.13 (s, 6H).  
13C NMR (CDCl3, 75 MHz): δ (ppm) = 150.19, 140.91, 133.49, 132.35, 130.80, 
131.03, 129.60, 128.07, 127.43, 127.07, 126.98, 126.41, 121.40, 112.40, 40.53  
Acc mass calculated for C18H16NBr : 326.0544. Found 326.0533. 
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1-(Dimethylaminophenyl)-4-(4,4,5,5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-
naphthalene 
 
 
A flame dried Schlenk flask was charged with PdCl2(CH3CN)2 (0.015g, 0.06 mmol, 4 
mol%), S-Phos (0.099g, 0.024 mmol, 16 mol%) and 1-(dimethylaminophenyl)-4-
(bromo)-naphthalene (0.50g, 1.5 mmol, 1eq). The Schlenk tube was then capped with 
a rubber septum and thoroughly degassed. Triethylamine (2 mL) was then added via a 
degassed syringe along with pinacolborane (0.28g) and dioxane (10 mL). The Schlenk 
tube was then sealed and the reaction heated at 80 degrees for 24 hours with rapid 
stirring. The reaction solution was then passed through a short silica plug and the 
solvent removed in vacuo. The crude material obtained was then purified by column 
chromatography (DCM: petrol 1:1) to give a white solid (0.18g, 32% yield). 
 
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.34 (d, J= 7.7 Hz, 1H), 8.03 (d, J = 7.7 Hz, 
1H), 7.83, (d, J = 7.7 Hz, 1H), 7.64-7.59 (m, 1H), 7.52-7.47 (m, 1H), 7.38 (d, J = 9.0 
Hz, 2H), 7.28 (d, J = 9.0 Hz, 1H), 6.91-6.85 (m, 2H), 3.07 (s, 6H), 1.28 (s, 12H). 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 150.01, 140.79, 133.32, 132.23, 131.03, 
130.87, 129.66, 127.45, 127.15, 127.07, 126.53, 126.41, 121.41, 112.32, 82.77, 40.69, 
24.64.  
11B NMR (160 MHz, CDCl3) δ = 30.05 (s) 
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4,4’-Difluoro-8-(dimethylaminophenylbinaphthyl)-1,3,5,7-tetramethyl-2,6-
diethyl-4-bora-3a,4a-diaza-s-indacene 
 
 
A flame dried Schlenk flask was charged with PdCl2(PPh3)2 (0.0015g, 0.002 mmol, 8 
mol%), 1-(dimethylaminophenyl)-4-(4,4,5,5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-
naphthalene (0.01g, 0.027 mmol, 1eq) and sodium carbonate (2.0 M) (0.25mL, 3.0eq). 
Finally, BRNBD (0.02g, 0.04 mmol, 1.5eq) and freshly distilled THF were then added 
and the resulting mixture was heated at 80˚C for 16 hours with rapid stirring. The 
reaction mixture, which was red in colour, was then allowed to cool to room 
temperature and was passed through a short silica plug and the solvent removed to 
leave a red solid. This was then purified by column chromatography to give a red 
crystalline solid, DMANBD (0.014g, 50% yield).  
1H NMR (CDCl3, 300 MHz): δ (ppm) = 8.15 (d, J = 9.0 Hz, 1H), 7.94 (d, J = 6.0 Hz, 
1H), 7.63, (d, J = 3.0 Hz, 1H), 7.57 (m, 1H), 7.53 (s, 2H), 7.52 (d,  J = 3.0 Hz, 1H), 
7.43 (m, 3H), 7.32 (m, 3H), 7.18 (d, J = 6.0 Hz, 1H), 6.93 (d, J = 6.0 Hz, 2H), 3.08 (s, 
6H), 2.20 (s, 6H), 2.30 (q, J = 6.0 Hz , 4H), 1.23 (s, 3H), 1.16 (s, 3H), 0.99 (m, 6H).                 
13C NMR (CDCl3, 75 MHz): δ (ppm) = 153.93, 112.33, 140.70, 140.07, 138.62, 
138.35, 138.10, 136.51, 133.32, 133.06, 132.98, 132.79, 132.06, 131.40, 130.97, 
129.03, 128.22, 127.80, 126.99, 126.76, 126.57, 126.57, 126.31, 126.23, 125.86, 
125.75, 125.64, 125.46, 112.33, 40.70, 17.11, 14.68, 12.61, 11.35.   
11B NMR (160 MHz, CDCl3) δ = -0.63 ((t, Jav = 26.94 Hz). 
19F NMR (470 MHz, CDCl3) δ = 145.41 (FA) ; δ = 145.63 (FB). JAB = 112 Hz  
Acc. mass calculated for C45H44BF2N3=  676.3677 found 676.3671  
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Julolidine Bodipy– A Novel 
Sensing Donor-Acceptor Dyad 
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This chapter is entirely based on the design, synthesis and photophysical and 
electrochemical analysis of the novel dyad JULBD, the structure of which is given 
below. JUL = julolidine.  
 
 
 
 
Figure 1 – The structure of JULBD. 
 
Photophysical terms and explanations 
 
In several of the tables of photophysical data included within this chapter, the following 
symbols are used. For the purpose of clarity they are explained below: 
 
λem   emission maxima  
Δss   Stokes Shift  
Φfl  fluorescence quantum yield  
τ   lifetime 
krad  radiative rate constant 
kNR  non-radiative rate constant 
 
Symbols used in equations (for example in section 3.5.2) are discussed and defined within 
each section of the chapter for clarity. 
 
It should be explained that much of the photophysical examination of JULBD was carried out 
in the ‘Measurement Laboratory’ which is run by Professor Anthony Harriman. The work was 
done by Master’s student Dave Howgego. I would like to acknowledge his diligent and 
valuable contributions to the work undertaken on JULBD which is discussed herein.  
 
 
  Chapter 3 
 
84 
 
3.1  Introduction 
3. 1. 1      Molecular sensing and probing devices 
Molecular probing and sensing systems are of utmost importance across numerous 
disciplines. More specifically, fluorescent sensors which are able to detect, quantify or 
image certain ions or molecules have become essential and ubiquitous tools in science 
and technology.1 The uses of fluorescent sensors span a variety of disciplines to 
include biological imaging2,3, chemosensing4 and viscosity analysis and 
measurement5,6,7. The properties associated with bodipy chromophores, namely high 
fluorescence quantum yields (Φ = 60-90%), high molar absorption coefficients (ε = 
40,000-110,000 M-1 cm-1) and sharp absorption bands observed (fwhm ≈ 25-35 nm) 
make them the perfect candidates for use within such applications. These favourable 
properties, in addition to the long excited state lifetimes (1-10 ns), negligible triplet-
state formation and a remarkable photostability and a powerful synthetic robustness 
and adaptability, permit the synthesis of intricately designed sensors which commonly 
feature in the literature. It is only really since the mid-nineties that bodipy based dyes 
have received the recognition they deserve as successful candidates in this field, but 
the growing numbers of research publications and patents reinforce its ever-increasing 
popularity.  
 
Fluorescent indicators for real time sensing and imaging purposes are crucial tools in 
the fields of materials- and life-sciences8, 9,10. Recently, Gabbai and Lin11 developed 
an [18F] radio-labelled version of the bodipy chromophore (denoted [18F]-[2-F+] from 
hereon in) for use as a positron emission tomography/ fluorescence dual modality 
imaging agent. Its bio-distribution and clearance was studied in mice, where the probe 
was found to successfully accumulate in the liver and kidneys. This was revealed via 
fluorescence imaging of these organs by irradiation at λ = 500 nm and the ex vivo 
microPET and in vivo PET studies showed excellent correlations. The group are 
currently studying the radio-fluorination of bodipy dyes that emit in the near Infra-
Red (NIR) region of the electromagnetic spectrum. 
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Figure 2
11
 – Left: PET images of a mouse injected with the radio-labelled 
chromophore [
18
F]-[2-F
+
] showing that no detectable bone uptake is observed up to 4 
hours post injection. Right: Ex vivo fluorescence (left) and microPET (right) imaging 
of dissected mouse organs.   
 
Scheme  1
11
 – The synthesis of [
18
F]-[2-F
+
] from the bodipy hydroxo derivative.  
 
Species capable of sensing toxic or hazardous ions are also of high importance in 
modern science. The toxic heavy metal and environmental contaminant, mercury, is 
dangerous to human life even at low concentrations12 and can cause serious health 
concerns such as brain damage13, DNA damage14 and various cognitive and motion 
disorders15. It can be transferred via edible fish,16 as it is easily passed through the 
food chain as organometallic mercury. This occurs following the transformation of 
mercury from its elemental or inorganic form by anaerobic organisms. Systems able 
to detect such species are therefore of pivotal importance and much emphasis has 
been placed in recent years on the design and synthesis of fluorescent mercuric ion 
sensors17. An elegant example is the near IR emitting chemosensor generated by 
Atilgan et al.18 in which a large hypsochromic shift (approx. 90 nm) can be observed 
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in both the absorption and emission spectrum upon co-ordination of Hg2+ into the 
macrocyclic moiety appended to the phenyl rings branching via alkene mediated 
conjugation from the 5’ and 3’ position on the bodipy.  
 
       
 
Figure 3
18
 – Left: An emission spectrum of the chemosensor designed by Atilgan et al. 
at increasing concentrations of Hg
2+
 in THF. Right: the structure of the chemosensor.  
 
3.1.2      Molecular rotors 
Molecular rotors have enjoyed success across an extensive variety of scientific 
disciplines19,20,21,22,23,24. They are described in the literature as fluorescent molecules 
that form twisted intramolecular charge transfer (TICT) states25 upon photoexcitation. 
Such systems therefore exhibit two competing de-excitation pathways: fluorescence 
emission and non-radiative de-excitation from the TICT state26.  
 
Viscosity is a significant physical parameter in determining the diffusion rate of 
species in biological systems. Molecular rotors are often incorporated into such work, 
due to the fact that TICT formation is viscosity dependent. As aforementioned, the 
intramolecular rotation or twisting exhibited by fluorescent molecular rotors leads to 
non-radiative decay from the excited state back to the ground state. The rotation or 
twisting observed is slowed down in a viscous environment, which restricts access to 
the non-radiative decay pathway. This leads to an increase in the quantum yield and 
lifetime of fluorescence. Molecular rotors are therefore rapidly emerging as novel 
biosensors for both local and bulk microviscosity17 offering real-time response and 
high spatial resolution.  
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Molecular rotors offer many advantages over environment sensitive probes, for 
example, they can be used independent of the polarity of the environment. This is due 
to the fact that emission intensity is influenced by the viscosity, whereas polarity 
changes are reflected in a small shift of the peak emission wavelength.27,28 
Furthermore, fluorescence-based viscosity measurements can be taken with fluid 
volumes as minimal as 100 microlitres, and theoretically, fluorescence measurements 
take sub-second acquisition times.  
 
Over recent years, promising developments have been made incorporating bodipy into 
fluorescent molecular rotors. These largely operate on the premise of hindered 
intramolecular rotation. For example, Lindsey et al.29 published work indicating that 
both the fluorescence lifetime and quantum yield of the S1 excited state for 8-phenyl 
bodipy or 8-(4-tert-butylphenyl) bodipy were significantly smaller than those 
measured for more hindered analogues. These slightly bulkier systems possessed 
either a mesityl or an o-tolyl substituent at the 8 position. The group suggested that 
free rotation of the 8-aryl moiety would lead to higher fluorescence quantum yield and 
lifetime values by reducing the non-radiative decay of the S1 state. 
 
3.1.3   Charge transfer mechanisms in organic dyads 
Charge transfer (CT) in donor-acceptor systems is associated with various physical 
phenomena including optical CT electronic transitions30, highly directional dipole 
moments31, long-range electron transfer32, twisted intermediate states33, magnetic 
ordering34 and solvatochromism35. Research carried out investigating charge transfer 
processes has a long history and there are numerous publications36,37,38,39,40,41,42 
proposing the theoretical reasoning behind a large number of CT mechanisms, 
reactivities and rates. Charge transfer rates can be affected by various quantum 
phenomena to include nuclear tunnelling, quantum interference and curve crossing 
and a number of theories have been proposed, incorporating these factors.  In this 
chapter, investigations into the charge transfer processes occurring within JULBD are 
carried out using absorption spectroscopy and Marcus theory and the dependencies 
observed upon solvent polarity are discussed. The subsequent chapter will address the 
properties of the system in a different manner, looking into the observed NMR 
chemical shifts to probe the electronic environment at each carbon atom in JULBD.  
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3.2 Design and Synthesis  
 
The design of the novel dyad, JULBD, was formulated from the desire to generate a 
molecular rotor with both excellent sensing capabilities and the ability to emit 
fluorescence via an on/off mechanism in the manner of a molecular switch. It is 
known that 9-(dicyanovinyl)-julolidine (abbreviated to DCVJ from hereon in) 
possesses a powerful probing ability, due to the availability of the lone pair on the 
julolidine nitrogen to donation.  
 
 
Figure 4
 
- 9-(Dicyanovinyl)-julolidine (DCVJ), a commercially available molecular 
rotor. The intramolecular charge transfer takes place between the julolidine nitrogen 
atom as electron donor and the electron accepting nitrile group. 
 
The julolidine unit was therefore incorporated into the design of our system, whilst 
the bodipy fluorophore accounted for the fluorescent nature of the probe. A ‘push-
pull’ type architecture was envisaged. Here, the bodipy moiety acts as the electron 
acceptor, whilst the nitrogen atom with its lone pair plays the role of electron donor. 
The aryl moiety of the julolidine residue forms the p-conjugated bridge connecting 
the two. This type of system is by no means uncommon43,44,45 and in recent years 
much work has been undertaken to further investigate the optical46,47 and redox48 and 
photophysical49 properties of push-pull chromophores of this nature. 
 
The synthetic strategy employed in order to achieve the target dyad is highlighted in 
Scheme 2.  
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Scheme 2 – Reagents and conditions: (i) POCl3, DMF, 90°C, 3 hrs, (ii) pyrrole, TFA, 
DCM, RT (iii) DDQ, N,N’-diisopropylethylamine, BF3.Et2O, RT. 
 
The first step followed the Vilsmeier-Haack protocol in order to add the aldehyde 
functionality to the commercially available julolidine starting material. This reaction 
proceeded readily to give julolidine-9-carboxaldehyde (2) in 75% yield following an 
aqueous basic work-up and column chromatography on silica gel. Compound 2 was 
then condensed with pyrrole in the presence of a catalytic quantity of TFA in order to 
generate the dipyrromethane50,51. It should be mentioned here that pyrrole is used in 
this synthesis as both solvent and reagent and the excess pyrrole is recycled following 
its removal from the system by vacuum distillation.  After work-up, the crude material 
was purified by column chromatography on basic alumina to generate julolidine 
dipyrromethane (3) in 30% yield.  
 
The final reaction initially involved an oxidation step facilitated by DDQ to afford 
removal of the meso proton at the dipyrrin core, which was then followed by a 
subsequent addition of the base, N,N-diisopropylethylamine. The base served to 
abstract the pyrrole protons, prior to the chelation step, which generated the BF2 unit, 
completing the indacene core to yield crude JULBD.  The crude material was then 
purified by column chromatography on silica gel using DCM/ Petrol (2:1). Pure 
JULBD was isolated in the acceptable yield of 18%.  
 
In order to try and optimize the yields of 3 and of JULBD, the final two steps of the 
synthetic protocol, namely the dipyrromethane and subsequent bodipy formation, 
were repeated. This was following the synthesis of a substantial stock-pile of 
julolidine 9-carboxaldehyde.  It was revealed in work by Lindsey et al.,52 that TFA 
may not necessarily be the preferred acid for achieving dipyrromethane formation. 
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This is due to the fact that it has been proven to cause ‘darkening’ of the reaction 
mixture, thought to be caused by a mixture of product decomposition and generation 
of unwanted side products. The dominant by-products include the N-confused 
dipyrromethane and also the tripyrrane species. These are both shown in Figure 5 
below. The isomeric N-confused dipyrromethane can be removed by recrystallization, 
whilst purification by column chromatography should be employed to omit the 
tripyrrane species. 
 
 
 
Figure 5 – The α,β-linked ‘N-confused’ dipyrromethane and tripyrrane side products 
which can be generated.  
 
In light of this information, two of the Lewis acids which had been previously tested 
by Lindsey et al., when investigating modifications to traditional dipyrromethane 
formation, were individually incorporated in the synthetic protocol in the place of 
TFA. Therefore, a series of small scale test reactions were conducted, which permitted 
investigation as to whether or not the 30% yield gained could be ameliorated. Indium 
chloride and boron trifluoride diethyl etherate were both tested, the former of which 
had celebrated the most success in the tests undertaken by Lindsey et al. Due to 
previous successes within the group using column chromatography purification for 
these species53 on basic alumina, this was again carried out when testing InCl3 and 
BF3.Et2O. Unfortunately in each case, an inferior yield (18% and 17% for each acid 
respectively) of compound 3 was gained. Although the yields were low, it was 
observed that the reaction seemed to proceed with less ‘darkening’ of the reaction 
mixture as documented by Lindsey et al.  
 
In spite of the lack of success using InCl3 to generate compound 3, the synthesis of 
nitrophenyl dipyrromethane discussed within the following chapter was tested with 
TFA in the first instance and then with indium chloride. In the case of this reaction, an 
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improved yield of 18 % was observed using the latter, whilst trifluoroacetic acid 
catalysis generated a slightly more modest 15 % yield of dipyrromethane. It is evident 
from these observed yields that Brønsted acid catalysis is required to successfully 
generate julolidine dipyrromethane (3) whilst in the case of the nitro-derivative 
(denoted 5 in Chapter 4), the Lewis acid was marginally more successful.  
 
3.3 Characterisation and Structure Confirmation 
A full range of structural tools were used to analyse JULBD  and its precursor 
julolidine dipyrromethane (3) including mass spectrometry, 1H, 13C, 19F, 11B NMR 
spectroscopy, elemental analysis and X-ray crystallography.  
 
3.3.1 NMR Spectroscopy  
3.3.1.1 Julolidine dipyrromethane 
The proton and carbon NMR spectra corresponding to julolidine dipyrromethane (3) 
are shown below (Figure 6). 
 
 
Figure 6 – The 
1
H NMR spectrum of julolidine dipyrromethane (3) recorded in CDCl3 
at 25°C. 
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Chemical shift 
(ppm) 
Intensity (no. 
of H Atoms) 
Multiplicity Coupling 
constant (J/ 
Hz) 
Assignment 
7.90 2 br s N/A d 
6.68 4 s and d* N/A 3 and 9 
6.20 2 s N/A 7 
6.00 2 s N/A 8  
5.28 1 s N/A 5 
3.18 4 t 6.0 a 
2.76 4 t 6.0 c 
2.02 4 m N/A b 
Table 1 – The 
1
H NMR peak assignment for julolidine dipyrromethane (3). 
 
*Although the peak at δ 6.68 has the appearance of a broadened singlet, it is in fact 
an overlapping singlet (proton set 3) and doublet (proton set 9, coupling to 8), both of 
which resonate at the same location in the spectrum.  
 
Figure 7 – The 
13
C NMR spectrum of julolidine dipyrromethane (3) recorded in 
CDCl3 at 25°C. 
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Chemical shift Carbon atom 
assignment 
 Chemical shift Carbon atom 
assignment 
141.9 1  108.3 8 
133.5 6  106.7 7 
129.1 4  50.1 a 
126.8 3  43.3 5 
121.8 2  27.7 c 
116.6 9  22.2 b 
 
Table 2 – 
13
C NMR peak assignment for julolidine dipyrromethane (3) recorded in 
CDCl3 at RT. 
 
3.3.1.2 JULBD  
 
Figure 8 – The 
1
H NMR spectrum of JULBD recorded in CDCl3 at 25°C. 
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Chemical shift 
(ppm) 
Intensity (no. 
of H Atoms) 
Multiplicity Coupling 
constant (J/ 
Hz) 
Assignment 
7.83 2 d 4.0 9 
7.14 2 s N/A 3 
7.06 2 s N/A 7 
6.52 2 dd 4.0; 1.9 8 
3.32 4 t 6.0 a 
2.81 4 t 6.0 c 
2.01 4 m N/A  b 
 
Table 3 – The 
1
H NMR peak assignment for JULBD. 
 
 
Figure 9 – The 
13
C NMR spectrum of JULBD recorded in CDCl3 at 25°C. 
 
Using two dimensional spectra, a full assignment of the proton and carbon atoms in 
JULBD could be made. Techniques which aid spectroscopic assignment by 
generating correlated spectra are extremely useful and must not be overlooked. The 
types of correlated spectra that will be used within this thesis are the following: 
· COrrelated SpectroscopY, denoted COSY from hereon in, is a two 
dimensional experiment which indicates all the spin-spin coupled protons in a 
single spectrum. The two proton spectra are plotted orthogonally on discrete 
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axes. The peaks which are mutually spin-spin coupled are indicated by cross 
peaks. These are symmetrically situated about the diagonal.  
· Heteronuclear Multiple Quantum Coherence (abbreviated to HMQC) is a 
technique which allows a correlation to be made between the proton and 
carbon spectra. It is also known as 1H-13C COSY. The technique uses a pulse 
sequence in which a delay time is set to ½ J, where J is the value of the one 
bond 13C-1H coupling constant54. This generates a correlation between 13C and 
the proton to which it is directly attached (i.e. a one bond correlation).  
· Heteronuclear Multiple Bond Connectivity (HMBC) is a second technique 
whereby the time delay in the pulse sequence is set to correspond to ½ J, 
where J is in the region of 10 Hz (a delay of around 50 ms). It is also known as 
long range 1H-13C COSY. Since many 1H-C-13C (two bond) and 1H-C-C-13C 
(three bond) coupling constants are rather similar in value and lie in the range 
2-20 Hz, then 13C chemical shifts are now correlated with the chemical shifts 
of those protons separated from them by two or three bonds.  
· A NOESY (Nuclear Overhauser Effect SpectroscopY) spectrum refers to a 
two dimensional spectrum which records all the proton-proton NOE’s present 
in a molecule in one single experiment. Each orthogonal axis displays the 
proton chemical shifts with the normal spectrum appearing on the diagonal. 
This time however, the cross-peaks indicate those protons that are close in 
space. In other words, a NOESY displays evidence of through-space rather 
than through-bond interactions. 
 
The subsequent chapter is concerned with the elucidation of intramolecular charge 
transfer mechanisms within JULBD as revealed via 13C NMR chemical shifts. In 
order to study this effect, a full carbon and proton assignment was made. The details 
of this assignment and the spectra used are given below for JULBD. The data 
applicable to the other dyads prepared for comparative purposes is detailed and 
analysed in Chapter 4. 
 
Some limited assignment of carbon and proton resonances can be located in prior 
publications on bodipy dyes, thus comparison with literature data was made in order 
to confirm consistency with the interpretations made55.  The proton resonances were 
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the first to be assigned, commencing with those associated with the aromatic and 
dipyrrin groups by their chemical shifts, coupling patterns and cross-correlations in 
the corresponding HMQC and COSY spectra. The only distinctive aryl singlet present 
in JULBD is that at δ 7.14 ppm, and this can be assigned to proton set 3. The most 
downfield doublet, located at 7.83 ppm, can be deemed to be proton 9 due to its 
characteristic chemical shift which is well known in the literature56,57. The locations of 
7 and 8 are also known and the assignment of these four protons (3, 7, 8 and 9) 
permitted identification of the corresponding carbon atoms in the HMQC spectrum, 
shown in Figures 10 and 11 by careful analysis of the correlations displayed. The 
quaternary carbons were also identified through their lack of cross peaks.  
 
Figure 10 – A partial HMQC spectrum of JULBD showing the aromatic region - 
recorded in CDCl3 at 25°C. 
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Figure 11– A partial HMQC spectrum of JULBD showing the aliphatic region - 
recorded in CDCl3 at 25°C. 
 
The HMBC spectrum, shown in Figure 12 to Figure 15 was then addressed, with the 
first carbon to be confirmed being carbon 9.  This had already been identified using 
the HMQC (Figures 10 and 11) from the initial proton assignment and the identity of 
this carbon was further confirmed by the presence of strong spin-spin 3J and 2J 
couplings to protons 7 and 8, respectively. Proton 7 shows a strong correlation to the 
quaternary carbon at δ 134.2 ppm and this was found therefore to be carbon 6. The 
identity of 6 was also further reinforced by an evident spin-spin coupling to proton 9 
via the nitrogen atom. The signals associated with the julolidine unit were then 
identified in order to eliminate them from the analysis.  The identity of carbon 3 has 
also been established, thus carbon 2 was easily assigned due to its 3J coupling to 
proton b and 2J coupling to proton c. Carbon 1 was identified in a similar manner as 3J 
couplings to protons 3 and c were clearly observed in the HMBC spectrum (shown in 
Figure 12 to Figure 15). Another carbon atom also showed spin-spin coupling to 
proton 3 and this was assigned to be carbon 5 with the final quaternary carbon being 
assigned as carbon 4.  
 
This assignment procedure was also repeated for NITBD and PHBD to be discussed 
within the following chapter.  
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Figure 12 – The HMBC spectrum of JULBD in CDCl3 at 25 
o
C.  
Correlations will be displayed in more detail by expansions of various regions of the 
spectrum and annotations included to improve the clarity and perception.  
 
 
Figure 13 – An HMBC spectrum of JULBD in CDCl3 showing the proton to carbon 
correlations and partial assignments. Only proton 3 is shown to couple to carbon c 
whilst protons 9 and 7 both display a correlation with carbon 8. 
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Figure 14 – Expansion of the HMBC spectrum of JULBD in CDCl3 showing the 
proton to carbon correlations and assignments.  
 
 
Figure 15 - Partial HMBC spectrum for JULBD in CDCl3 showing the proton to 
carbon correlations and assignments. Carbons 1, 2 and 3 all display a correlation to 
proton c, whilst only carbon 2 correlates with proton b as carbons 1 and 3 are too 
distant. Carbon 1 uniquely shows a correlation with proton a, for the same reason.  
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Figure 16 - NOESY spectrum for JULBD in CDCl3. This spectrum displays the NOE 
between H7 and H3 and thus confirms the proton assignments.  
Chemical shift Carbon atom 
assignment 
 Chemical shift Carbon atom 
assignment 
148.5 5  121.1 4 
146.5 1  120.9 2 
140.7 9  117.1 8 
134.2 6  50.0 a 
131.1 3  27.7 c 
130.3 7  21.4 b 
 
Table 4 – 
13
C NMR peak assignment for JULBD recorded in CDCl3 at RT. 
 
3.3.2 Crystal structure data analysis 
Diffraction quality samples of crystalline JULBD were obtained by slow diffusion of 
petrol into a vial of a saturated solution of the compound in dichloromethane.  
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Figure 17 – The atom labelled crystal structure of JULBD. 
 
   
Figure 18 – Left: Ellipsoid style crystal structure diagram of JULBD. Right: 
Puckering of the aliphatic rings of julolidine observed in the structure.  
 
It can be seen from the structures (Figure 18, right) that puckering occurs in the 
cyclohexane ring moieties of julolidine, which reduces ring-strain within the system.  
Furthermore, a structural motif commonly observed in crystalline structures of bodipy 
systems can be seen – namely the head-to-tail conformation adopted by units of the 
chromophore.  
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3.4 The electrochemical properties of JULBD  
An examination into the electrochemical behaviour of JULBD was carried out in 
CH2Cl2 (0.2 M TBATFB) by cyclic voltammetry.   
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Figure 19 – An annotated cyclic voltammagram recorded of JULBD in DCM (0.2M 
TBATFB). 
 
The cyclic voltammagram for JULBD can be interpreted in terms of the known 
electrochemical behaviour of isolated bodipy58. It can be seen that quasi-reversible 
one electron oxidation and reduction processes are observed for both the bodipy and 
the amine moiety in JULBD. However, when the second cyclic voltammagram was 
recorded over a wider potential window (Figure 20, below), oxidation of the amine in 
the julolidine component of the molecule becomes irreversible. This indicates that at 
higher oxidation potentials, unexpected processes are occurring at the electrode 
surface, for example, a type of unusual or unexpected side reaction or some variety of 
radicaladecay.
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 Figure 20 – A second cyclic voltammagram recorded of JULBD under the same 
parameters over a higher potential range. 
 
3.5. Photochemical studies 
The absorption and fluorescence profiles of JULBD proved to be extremely 
interesting, displaying characteristics which had not been remarked upon previously 
in chromophores of this nature. The dominating features will now be discussed. 
 
3.5.1 Absorption spectroscopy and data 
In JULBD it was envisaged that the lone pair on the nitrogen atom of the julolidine 
unit could be donated to a second species (a proton or metal ion for example) which 
would inherently ‘switch on’ the fluorescence signal. This fluorescence would 
otherwise be quenched through donation of the lone pair in question into the bodipy 
core via an intramolecular charge transfer process. This premise was tested on a small 
scale using low-level techniques. To a series of vials containing JULBD dissolved in 
acetonitrile, aliquots of various compounds possessing labile protons were added. In 
each case, the solution turned yellow from deep blue, indicating a change in the 
electronic structure of JULBD. This was perceived to be protonation of the nitrogen 
atom, switching on the fluorescence in the system which was otherwise being 
quenched by the occurrence of an intramolecular charge transfer mechanism. This 
was confirmed by recording a very basic absorption profile, in which disappearance of 
the charge transfer band at around λ= 600 nm occurs.  
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3.5.1.1  Solvent polarity studies 
The absorption spectra of JULBD in a range of solvents of varying polarity are shown 
in Figure 21. The sets of absorption data recorded are compiled in Table 6.  
 
 
 
Figure 21 – Top and bottom: absorption profiles of JULBD in a range of solvents of 
differing polarity.  
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Sample Solvent Dielectric constant 
A Propylene carbonate 64.40 
B Acetonitrile 35.94 
C Butyronitrile 24.83 
D DCE 10.42 
E Methyl-THF 6.97 
F Chlorobenzene 5.40 
G Chloroform 4.81 
H Toluene 2.38 
I Carbon tetrachloride 2.24 
J Methyl cyclohexane 2.02 
K Cyclohexane 2.02 
 
Table 5 – The solvents in which the absorption profiles of JULBD displayed above 
were recorded.  
 
It can be seen that each of the samples displays a typical sharp bodipy absorption band 
between 479 nm in acetonitrile and 493 nm in cyclohexane. This can be attributed to 
the 0-0 band of the strong S0-S1 transition (assigned “BD” in Table 6).  The slight 
overall hypsochromic shift with increase in solvent polarity is consistent with the 
general behaviour of bodipy chromophores59 and reflects the polarisability of the 
solvent. The term dipolarity or polarisability,60 refers to the ability of the solvent to 
stabilize a charge or a dipole by virtue of its dielectric effect61,62.  
 
Similarly, a weak, broad absorption band centred at 325nm (not shown in Figure 21) 
is typical of bodipy systems of this nature.  It can be attributed to the S0-S2 transition 
and is not appreciably affected by the polarity of the solvent.  The distinctive broad, 
bell-shaped shoulder on the short wavelength side of the 0-0 band has the makings of 
a charge-transfer band. It is assigned as “CT” in Table 6 and is present even in the 
lowest polarity solvents tested, a feature that has not been previously reported in 
bodipy chromophores.   
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The charge transfer band displays a pronounced bathochromic shift with increasing 
solvent polarity. This ranges from 540 nm in the relatively non-polar cyclohexane 
through to 592 nm in acetonitrile. The ratio of band intensities remains fairly constant 
throughout the solvent series, whilst the solvatochromic shift increases steadily. The 
only exception to this is 2-methyltetrahydrofuran and is most probably the result of a 
specific solvent effect. 
 
Solvent e 
/ 
lCT 
/ nm 
lBD 
/ nm 
Band 
ratio 
/ 
FWHMCT 
/ cm
-1 
FWHMBD 
/ cm
-1 
lS
a 
/ cm-1 
Cyclohexane 2.02 540 493 2.2 949.5 
 
1028 
 
97.2 
CCl4 2.24 545 492 2.4 1358 1081 
 
284 
 
Toluene 2.38 558 489 2.3 1713 1063 
 
695 
 
Chloroform 4.81 572 487 2.2 2110 1017 
 
1148 
 
Chlorobenzene 5.40 580 487 2.3 2328 969.3 
 
1374 
 
2-MeTHF 6.97 561 485 2.4 2383 1051 
 
790 
 
Dichloroethane 10.4 590 484 2.3 2392 953.4 
 
1667 
 
Acetonitrile 36.0 592 479 2.0 2682 1012 
 
1723 
 
 
Table 6 – Spectroscopic absorption data and photophysical parameters recorded for 
JULBD in a range of solvents.  
 
Glossary of terms used in Table 6 
λCT   = absorption maxima of charge transfer 
λBD   = absorption maxima of bodipy 
λs  = solvent reorganisation energy   
ε   = dielectric constant 
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FWHM = full width at half maximum – these values were obtained by 
separately fitting each peak to the minimum number of Gaussian shaped bands 
required to gain a sound representation of the spectrum. 
 
Excimers (excited state dimers) and other small aggregating units have also been 
reported to exhibit broad, bell-shaped bands in their absorption spectra. In order to 
investigate the true origin of the broadness observed in the JULBD absorption profile, 
a concentration dependence experiment was carried out. Absorption spectra were 
recorded for discrete sets of increasingly dilute solutions of JULBD in cyclohexane 
and in acetonitrile.  A straight-line dependence of the intensity of absorption bands 
(both CT and BD) upon concentration confirms that the system fully adheres to the 
Beer-Lambert law63 in both solvents tested.  A constant peak intensity ratio also 
implies that the broad band observed in each solvent is not the result of an aggregate. 
It can therefore be deduced that the bands are due to a direct photo-induced transition 
to the charge-transfer state. 
 
3.5.2 Potential Energy Model and Marcus Theory 
In the 1950’s, Marcus developed the first fundamental quantitative description of 
electron transfer reactions in solution64,65. This theory was based originally on 
investigations of “self exchange reactions” and “cross reactions”66 of metal ions. 
However, the general concept could also be applied to intramolecular electron transfer 
processes in inorganic and organic mixed valance species67.  
 
The theories and models proposed by Marcus remain the cornerstone on which many 
more sophisticated models of electron transfer have been based.68 In spite of its 
formal simplicity, Marcus theory has also been proven to take into account the 
decisive factors affecting the rate of charge transfer69. It can still be widely applied to 
both homogeneous and heterogeneous electron transfer reactions and will be used to 
describe the charge transfer processes occurring in JULBD.  
 
It can be seen from the two discrete bands present in the absorption spectrum of 
JULBD, that excitation of the ground state molecule can lead to direct population of 
two separate excited states. One of these is the partially charge-separated state. This 
  Chapter 3 
 
108 
 
can be described as +dJ-Bd-, whilst the second is the locally excited state (J-B*). This 
is another factor which supports the notion that JULBD demonstrates appreciable 
charge transfer character.    
 
 
Figure 22 – A potential energy diagram for photoexcitation of JULBD and 
subsequent intramolecular charge transfer and fluorescence processes. hυexc = energy 
for excitation, hυCRF = energy of charge recombination fluorescence, CR = charge 
recombination, CS = charge separation, CT = charge transfer.  
 
Upon formation of the locally excited state, the molecule undergoes rapid decay to the 
exciplex. This process occurs on a much more rapid timescale than radiative decay 
from the locally excited state. The pathway is accompanied by a change in electron 
density distribution by way of a charge-transfer mechanism. This can be described in 
terms of Marcus Theory70. The main features concerned with this theorem are covered 
in the equation below: 
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Equation 1 – The principal features of Marcus Theory expressed as an equation. 
 
Some of the symbols present in Equation 1 above will now be defined for clarity. The 
term λ is the reorganisation energy. This can be thought of as the energy it would take 
to force the reactants to possess the same nuclear configuration as the products 
without charge-transfer occurring. In our system it is the energy needed to force the 
locally excited state molecules of JULBD to have the same nuclear configuration as 
those in +dJ-Bd-. It is the sum of both the solvent- and nuclear- internal reorganisation 
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energies. The former can be attributed to the change of orientation polarization of the 
solvent, whilst the latter represents the change of molecular structure (for example 
variation in bond lengths and bond angles) of the donor and the acceptor.  
 
ΔG° is the free energy change between the reactants and the products, a term which 
vanishes if the donor and acceptor are chemically equivalent. kET and kBT are the 
electron transfer rate and the thermal energy respectively (kB representing the 
Boltzmann constant here). ħ is the Dirac constant. This is a physical constant which is 
common-place in Quantum mechanics and is equal to h/(2π) where h refers to 
Planck’s constant. VDA is the electronic coupling matrix element by which the 
coupling between donor and acceptor is related at orbital contact, V0, to the distance 
between them (d) by way of an attenuation factor (μ). This is shown in equation 10 
(below).  
( )dVVDA m-+ exp0  
 
Equation 10 – The electronic communication between donor and acceptor is related 
at orbital contact to their separation distance, taking into account the resistivity of the 
bridge (μ).  
 
When designing and synthesising donor-acceptor dyads, knowledge of VDA is of great 
importance as it permits rational design of novel bridging moieties to be incorporated 
into such species. Furthermore, a much improved understanding of the role of the 
bridge in electron exchange processes71,72,73 can be gained. According to super-
exchange theory, the electronic matrix coupling element will reduce exponentially 
with increasing distance between donor and acceptor74. 
 
ΔG
0 is the change in Gibbs free energy which accompanies the charge transfer 
process. Within a classical treatment, the diabatic free energy surfaces J-B* and +dJ-
Bd- are parabolas with identical λ (reorganisation energy) values.  
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Hence it follows by a simple algebraic analysis that ΔGǂ can be calculated by 
Equation 11 below:  
 
( )
l
l
4
20
+D
=D
G
G m  
 
Equation 11- The quadratic dependence of the change in free energy of activation on 
ΔG
0 
and λ as predicted by Marcus theory. 
 
The motivation to calculate diabatic potentials often occurs when the Born 
Oppenheimer approximation does not hold, or is not justified for the molecular system 
under study. The diabatic picture can be used to extract qualitative insight and 
predictions about energy landscapes. The diabatic free energy surfaces for electron 
transfer reactions can be calculated from first principals using Marcus Theory75,76. 
 
By Equation 11, the parabolic relationship between the driving force for reaction and 
charge transfer rate is divided into three specific regions. As the thermodynamic 
driving force increases whilst still below the value of –λ, the rate of charge transfer 
will show a progressive increase. This is referred to as the ‘normal region’ and 
reaches a maximum when ΔG0 = -λ, at which point the rate becomes activation-less. 
As the driving force is increased beyond – λ, the rate begins to decrease in the 
‘inverted region’
77,78.  
 
Figure 23 – A potential energy diagram detailing the key aspects of Marcus Theory. 
 
When ΔG0 and –λ are similar, this results in rapid charge transfer from J-B* to form 
the +dJ-Bd- state. The latter state exhibits charge recombination fluorescence in non-
polar solvents. It should also be noted that a further charge separation process can 
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occur to form the fully charge separated state, +J-B-. Thus, radiative decay from this 
state is a forbidden process and only via activated charge recombination, can the 
molecule return to the ground state. This takes place within the Marcus inverted 
region. The +J-B- state is highly sensitive to changes in solvent polarity. In very non-
polar solvents, its free energy is above that of the +δJ-Bδ- state (Figure 22) and charge 
separation is thermodynamically unfavourable, which leads to emission from the 
exciplex. In spite of this, the charges on the molecule are stabilised even in low 
polarity solvents. This diminishes the free energy of the radical pair below that of the 
+δJ-Bδ- state and creates a preference for charge separation over charge-recombination 
fluorescence. The way in which competition could be established between charge 
separation and charge recombination fluorescence over a very narrow polarity range, 
suggests that JULBD may be used as a polarity sensitive probe.  
 
3.5.3 Fluorescence spectroscopy and data 
3.5.3.1  Solvent dependence studies  
Steady state and time-resolved fluorescence spectra of JULBD were obtained in a 
range of solvents. The data obtained is collected in Table 7. 
 
Solvent 
lem
a 
/ nm 
DSS 
/ cm
-1 
FWHM 
/ cm
-1 
ffl
b 
/ % 
t
c 
/ ns 
kRAD 
/ s
-1 
kNR 
/ s
-1 
Cyclohexane 570 856.91 1008 100 3.3   3.04x108 0 
CCl4 590 1530.7 1676 47 1.4 7.14x10
8 3.79 x108 
Toluene 655 2654.0 1009 7.0 1.7 5.88x107 5.47 x10
8 
Chloroform 715 3481.2 1020 0.1 0.76 1.32x106 1.31 x10
9 
Chlorobenzene 725 3448.3 1133 0.2 0.67 1.49x109 1.49 x10
9 
2-MeTHF 745 4402.5 1018 0.08d 0.94 1.06x105 1.06 x10
9 
 
a  λmax derived from corrected emission spectra, excitation wavelength 450 nm. 
b Luminescence 
quantum yields measured against cresyl violet in BuCN as a standard79 with excitation at 460 
nm. c Fluorescence lifetimes excitation at 505 nm. d Minimum measureable fluorescence limit. 
 
Table 7 – Spectroscopic fluorescence spectral data and photophysical parameters 
recorded for JULBD in a range of solvents at 295K.  
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The fluorescence studies undertaken indicate that luminescence yields also show a 
pronounced dependence upon solvent polarity.  To reinforce this, it can be seen that a 
very small increase in solvent dielectric constant results in a huge reduction in 
quantum yield. For example, an increase in ε of just 4.95, results in a 1250-fold 
reduction in quantum yield from unity in cyclohexane, to 0.08 in 2-
methyltetrahydrofuran.  Furthermore, JULBD is considered to be non-fluorescent in 
dichloromethane and more polar solvents due to the pronounced stabilisation of the 
charge separated state by highly polar solvents. 
 
3.5.3.2  Temperature dependence of emission 
In order to investigate the effect of temperature on the fluorescence properties of 
JULBD, the emission spectra of a series of samples dissolved in a range of solvents 
were obtained at 77K. As to be expected, JULBD is fluorescent in non-polar methyl 
cyclohexane (e = 2.024) at room temperature. However, it was observed that the 
emission profile appears altered and the fluorescence intensity much diminished at 
very low temperature.  One can attribute this to a specific solvent effect which relates 
to the properties of solvents upon cooling. For example, methyl cyclohexane can form 
an ice rather than an optically transparent glass when cooled below its freezing point.  
Conversely, JULBD was non-fluorescent in higher polarity solvents such as 
propylene carbonate, ethanol, and butyronitrile at room temperature. However, in all 
three solvent systems, the molecule was seen to recover its emissive properties at very 
low temperature.  It was suggested that this effect was observed as a result of the 
dramatic variation in liquid physical properties upon cooling. It has been established 
that the solvent polarity in the liquid state increases with decreasing 
temperature80,81,82,83,84,85,86,87,88,89. This is due to the increase in density until the 
vitrification point is reached. At this point, the dielectric constant drops remarkably 
and a glass is formed. This glass is effectively non-polar.   
To further investigate this hypothesis, a more rigorous dependence test was set up 
whereby the emissive properties of JULBD were quantitatively recorded in two 
separate polar solvents over a broad range of temperatures.  The results of the 
experiment conducted in butyronitrile are displayed in Figure 24.  
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Figure 24 – Emission spectra recorded of JULBD in butyronitrile solution from 255-
78 K. The Excitation wavelength here was 470 nm.  
 
Figure 25 – Fluorescence intensity at emission maximum (691 nm) for JULBD in 
BuCN at various temperatures.  
It can be seen that a pronounced change in fluorescence intensity is observed between 
130-140 K. This transition occurs approximately 30 degrees below the freezing point 
of BuCN (161 K) and marks the beginning of the so-called glass region.   
This observation supports the previous prediction that the charge transfer state (where 
the fluorescence originates) is stabilised by polar environments and is occupied 
uniquely upon vitrification. At this point, the polarity of the surroundings drops and 
fluorescence is subsequently switched on. This study implies that JULBD could also 
be used as a detector for solvent vitrification behaviour. 
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3.5.3.3  Fluorescence Titration  
One manner by which a more qualitative grasp can be gained of the effect of polarity 
on the fluorescent properties of a system, is by carrying out a titration experiment. 
Samples of equal overall concentration of solute were prepared in solutions of steadily 
increasing mole fractions of dichloroethane in cyclohexane and ethanol in 
cyclohexane. The emission spectra at each mole fraction for the dichloroethane 
experiment are displayed below in Figure 26.  
 
Figure 26 – Emission spectra recorded for JULBD in dichloroethane: cyclohexane 
mixtures of varying mole fractions. Excitation wavelength = 470 nm.  
 
 
Figure 27 – Calibration curve showing predicted fluorescent intensity at different 
solvent dielectric constants. 
 
Low polarity 
High polarity 
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Making the assumption that the dielectric constant is a linear function of the mole 
fraction, the results gained can be used to generate a calibration curve. Using this 
information, JULBD can be used to measure the precise polarity of a medium. An 
application of such a probe would be to monitor the progress of a chemical reaction in 
which there are subtle polarity variations between the reactants and the products 
 
3.6 Concluding remarks and future studies 
Investigation and research into the subject area of chemosensing devices and 
molecular rotors has lead to the successful design and synthesis of JULBD. The 
spectral properties of this dyad have been found to exhibit a significant and 
pronounced dependence on solvent polarity. This includes the presence of a 
prominent charge transfer band, which prevails even in low polarity solvents. This 
feature has not been observed previously in chromophores of this nature and suggests 
that the charge transfer capabilities of this system are more substantial than initially 
predicted. Results obtained from polarity dependence experiments provided a discrete 
range over which the intensity of charge-recombination fluorescence is systematically 
reduced. It can be deduced therefore that JULBD is a suitable system for utilisation as 
a polarity sensitive probe. This was also confirmed when the charge transfer 
capabilities of the system were related to Marcus theory. The photophysical properties 
of JULBD were analysed via a series of potential energy diagrams. These results 
suggested that competition can be established between charge separation and charge 
recombination fluorescence over a narrow polarity range, a surprising find due to the 
thermodynamically unfavourable nature of charge separation when the free energy of 
the fully charge separated state of JULBD is above that of the partially charge 
separated state.  
 
Results obtained from temperature-dependence studies carried out in high polarity 
solvents in which the system is non-emissive have indicated that fluorescence can be 
‘switched on’ upon formation of a glass. This provides a second possible application 
for JULBD, as a detector for solvent vitrification behaviour.   
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An additional use of JULBD is in the field of biological imaging and last year, a 
University based Neuroscience laboratory used JULBD to image the stomatogastric 
ganglion (STG) of a brown crab (cancer pagarus). 
 
 
 
 
 
 
 
 
Figure 28 – The image generated following incorporation of JULBD into the 
ganglion of a brown crab. 
 
It is thought that with the use of ultra-fast transient absorption spectroscopy, further 
information may be gained which will allow a more substantial elucidation of the 
charge separation and recombination processes occurring within the dyad. It is hoped 
that this work may be carried out by a future member of the MPL.   
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The work within this chapter forms the basis of the following publication: Benniston, 
A.; Clift, S.; Harriman, A. Journal of Molecular Structure. 2011, 985, 346. 
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The structures and names of the bodipy compounds to be discussed within this chapter 
are given in Figure 1. The nomenclatures used are as follows: BD = bodipy, JUL = 
julolidine, NIT = 4-nitrophenyl, PH = phenyl.   
 
 
 
                                  
 
 
 
                               
      
 
 
Figure 1 – The structures and naming scheme for the bodipy compounds discussed in 
Chapter 4. 
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Computational Chemistry abbreviations explained 
A small portion of this chapter addresses quantum chemical calculations and several 
computational protocols are mentioned. For clarity, the abbrevations used are indexed 
below (Table 1) with their full names and a brief explanation of their meaning: 
 
Abbreviation Full name Explanation 
AM1 Austin Model 1 A semi-empirical method developed by Dewar and 
co-workers1 in 1985.  Approximates two electron 
integrals and uses a modified expression for nuclear-
nuclear core repulsion. 
PM3 Parametric method 
number 3 
Developed by James Stewart, this semi-empirical 
method uses a Hamiltonian similar to the AM1 
Hamiltonian but with a different parameterization 
strategy. This model is widely used for rapid 
estimation of molecular properties and includes many 
elements, even transition metals. 
MNDO Modified Neglect 
of Diatomic 
Overlap 
 
Another semi-empirical method - developed by Dewar 
and Thiel2 in 1977 which parameterizes one-centre 
two-electron integrals based on spectroscopic data for 
isolated atoms. 
HF Hartree-Fock 
 
An Ab initio method based on the optimization of spin 
orbitals to give the lowest possible energy. 
DFT Density Functional 
Theory 
First developed by Walter Kohn and Pierre 
Hohenberg3 in 1964 – determination of the properties 
of multi-electron systems using electron density 
functionals.  
B3LYP Becke 3-Parameter 
Lee-Yang-Parr 
A combination of Hartree-Fock theory and local 
density functional theory devised by Axel D. Becke in 
19934. 
STO-3G Slater Type Orbital 
-3 Gaussians 
The minimal basis set – each basis function is a 
combination of three Gaussians which simulates a 
Slater Type orbital.  
3-21 G  A split basis set which has more functions for valance 
orbitals than for core orbitals  
6-31 G  A polarisation basis set which includes d-type basis 
functions for 2nd row elements and therefore permits 
more accurate rendering of p bonds.  
6-31 G*  To the 6-31 G basis set are added either six d-type (Li 
to Ca) or ten f-type (Sc to Zn) Cartesian-Gaussian 
polarization functions.  
Table 1- The computational models and basis sets used mentioned within this chapter 
and in the publication. 
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4.1 Introduction 
This chapter focusses largely upon the use of NMR spectroscopy to elucidate, and 
further understand intramolecular charge transfer interactions within the dyad 
JULBD. The interest in carrying out such a study stems from observations 
surrounding the charge transfer capabilities of the dyad, the synthesis and 
characterisation of which was addressed within the previous chapter. It was noticed 
from the absorption profiles recorded, that the ground state compound displayed 
significant charge transfer character in solvents of varying polarity.   
 
This chapter is also concerned with the synthesis and characterisation of further 
control dyads used in the study, where the dipole moment changes either in magnitude 
or direction. These were achieved by replacing the julolidine residue with either a 
phenylene group (to generate PHBD) or the electron withdrawing 4-nitrobenzene 
(NITBD). 
 
NMR spectroscopy is an invaluable tool by which to observe the effects of ground 
state charge transfer5. Direct evidence of electronic density distributions in organic 
systems can be generated from observed chemical shifts6. When such systems are 
perturbed, for example, by solvent-induced charge transfer effects, certain chemical 
shift changes are likely to evolve.7 One way in which these changes can be studied, is 
via the generation and subsequent analysis of NMR spectra of the charge transfer 
system in question. These spectra should be recorded in various solvents of disparate 
polarity. Any changes in chemical shift values observed can then be correlated with 
the polarity of the solvent. In order to conduct this experiment coherently, numerous 
parameters must be established and other interfering effects discounted.  
 
In order to avoid any ambiguity which may arise when studying solvent effects in this 
manner, an empirical model should be employed for the solvent polarity scale. 
Several such examples exist and have been applied successfully in spectroscopic 
studies similar to that documented within this chapter. For example, changes in the 
13C NMR spectra of iodoalkanes observed in Lewis base solvents8. Solvent polarity 
function models include Reichardt’s ENT parameter9, Gutmann’s donor number10 or 
Taft and Kamlet’s β and π parameters11.   
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Prior work12 on merocyanine-type dyes (which feature within applications including 
optoelectronics13,14, non-linear optics15 and information recording devices16,17,18) has 
also addressed the influence of solvent polarity on 13C NMR chemical shifts. These 
species show strong ground state charge transfer and inherent zwitterionic character in 
the polymethine backbone. For example, the triarylmethane dye shown below in 
Figure 2 (left) derives its solvatochromism from an intramolecular charge transfer 
from the donor dimethylamino-phenyl groups to the acceptor barbituric moiety. The 
spectral behaviour of this compound was found to parallel the solvatochromism 
exhibited by the related dye (Figure 2, below, right) also described within the 
publication. 
 
 
Figure 2 – The solvatochromic merocyanine type dyes
19
 synthesised by Rezende et al.  
 
A study of the NMR spectra of these two systems in various solvents was carried out, 
with chemical shift assignments being made by means of both normal and long-range 
COSY measurements. Evidence from spectral data, supported by theoretical 
calculations, highlighted the major structural difference between the two 
merocyanines; namely, whilst 2 may be described as a typical merocyanine, 1 behaves 
as an ylid type compound. It possesses a highly polarised C5-C7 bond (see Figure 3 
below) bridging the donor and acceptor moieties.  
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Figure 3 – HMBC correlations of compounds 1 and 2.  
 
A second NMR study20 on the electronic structure and solvatochromism of this type 
of compound revealed a strong correlation between the calculated charges on carbon 
atoms of the polymethine chain and their 13C NMR chemical shifts. Solvent polarity 
was also found to exert an influence on bond orders for dyes with positive and 
negative solvatochromism.   
 
The utility of NMR spectroscopy in probing the electronic environments in diverse 
system types can clearly be seen.  
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4.2 Synthesis 
 
The synthetic strategies employed to achieve the two target reference dyads are 
highlighted in Scheme 1 below.  
               
 
Scheme 1 – Reagents: (i) DCM, TFA, pyrrole (ii) DDQ, N,N-diisopropylethylamine, 
BF3.Et2O.   
 
The synthetic route is analogous to that employed in the preparation of JULBD, 
which involves the isolation of the dipyrromethane unit, prior to formation of the 
bodipy under standard conditions. Both 5 and 6 were isolated in higher yield than 
julolidine dipyrromethane, which is possibly due to the fact that the aldehyde carbon 
in both cases is more electrophilic which increases the likelihood of nucleophilic 
attack at the aldehyde.     
 
The first step of the synthetic route is preparation of the intermediary dipyrromethane 
from the corresponding commercially available aldehyde. 4-nitrobenzaldehyde was 
used as the starting material in the synthesis of NITBD, whilst PHBD was prepared 
from simple benzaldehyde. In both cases the reaction proceeded cleanly and easily. 
Whilst PHBD was a literature compound, in spite of the dipyrromethane21 (6) having 
been previously isolated and characterised, NITBD was a novel bodipy derivative. 
Full characterisation was therefore carried out on this dyad.  
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As an additional study, the relationship between the distribution of electron density 
and 13C chemical shift was analysed. This was in light of prior work22 by Palafox et 
al. who showed that for phenothiazine, electron densities on certain carbon atoms are 
related to the observed experimental chemical shifts. In order to investigate this 
further, four additional bodipy derivatives were used as control compounds to 
ascertain the electron density distribution at each dipyrrin carbon atom. The structures 
of these four compounds are shown below (Figure 4).  
 
Figure 4 – The series of bodipy based compounds used in the computational 
calculations. 
 
Samples of BD2-BD4 were used from starting materials generated by previous group 
members, while BD1 had never before been synthesised within the group and was 
therefore generated specifically for the study.  
 
 
 
Scheme 2 – The synthesis of BD1
23
. Reagents: (i) TFA, DCM (ii) N,N’ 
diisopropylethylamine, BF3.Et2O.    
 
The preparation of BD1 was a one-pot reaction for which the temperature had to be 
carefully controlled prior to the addition of each reagent. For example, the system is 
cooled prior to addition of N’N-diisopropylethylamine and boron trifluoride 
diethyletherate, and then heated gently (25-30°C) overnight following successful 
addition.  The reaction is believed to proceed via attack of pyrrole on 2-formyl 
pyrrole, following protonation at the aldehyde oxygen atom by trifluoroacetic acid to 
increase its susceptibility to nucleophilic attack. Following purification of BD1 by 
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column chromatography (using toluene as eluent for the first column and DCM for 
the second), the compound was isolated in 7% yield (literature yield23 = 8%). The low 
yields can be attributed to the fact that several cycles of column chromatography were 
required to gain the high level of purity required for this compound.  
  
One further compound was also generated but it turned out that it was not required for 
use in the NMR studies. This was a bodipy analogous to JULBD but with the 
exception of substitution at the indacene core. This was named JULBD2 and was 
prepared according to Scheme 3 below under typical bodipy forming conditions. The 
aldehyde required in the synthesis had conveniently been prepared previously for the 
synthesis of juloldine dipyrromethane. It was hoped that further studies would be 
carried out at a later date comparing the charge transfer capabilities of JULBD2 with 
the properties exhibited by original JULBD. From first glance it can be assumed that 
the alkyl substitution at the indacene core which renders the bodipy less electron 
affinic would slightly destabilise the charge separated state. It is believed that work on 
this area, such as a photophysical analysis or further NMR studies would provide 
insight into electron density and charge distribution in JULBD2.      
 
 
 
Scheme 3 – The synthesis of JULBD2. Reagents: (i) 2,4-dimethyl-3-ethylpyrrole, 
TFA, DCM (ii) DDQ,  N,N-diisopropylethylamine, BF3.Et2O.  
 
4.3 Characterisation and Structure Confirmation 
4.3.1 Crystal Structures 
The crystal structures of a selection of the compounds (e.g., NITBD, PHBD and 
JULBD2) discussed within this chapter are given below.  
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4.3.1.1 NITBD 
Crystals of NITBD were readily obtained by slow evaporation of diethyl ether into a 
saturated dichloromethane solution of the compound. Single crystal X-ray diffraction 
studies indicate that the meso-nitrophenyl ring in the bodipy compound does not lie 
completely perpendicular to the indacene plane and instead resides in a slightly offset 
position, with a torsion angle of 124.93° being observed between the carbon atoms 
C11, C10, C5 and C6.  The crystal packing diagram shows how the molecules adopt a 
head-to-tail packing sequence to allow for maximum interaction of the nitro 
substituted phenyl ring of each unit.  
 
 
Figure 5 – Left: The crystal packing arrangement of NITBD: carbon (grey), nitrogen 
(blue), oxygen (red),  boron (pink), fluorine (green). Right: the torsion angle in 
NITBD. 
 
Figure 6 - The atom labelled crystal structure of NITBD. 
 
4.3.1.2 PHBD 
Crystals of PHBD were obtained by slow evaporation of petrol into a saturated 
dichloromethane solution of the compound.  
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. 
 
Figure 7 – The crystal packing arrangement of PHBD: carbon (grey), nitrogen 
(blue), oxygen (red),  boron (pink), fluorine (green). 
 
Figure 8 – The atom labelled crystal structure of PHBD. 
 
Single crystal X-ray diffraction studies indicate that in PHBD, as in NITBD, the 
meso-phenyl ring does not lie completely perpendicular to the indacene plane. Instead 
it resides in an offset position, with a torsion angle of 136.08° being observed between 
the carbon atoms C15, C10, C5 and C4.   
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4.3.1.3 JULBD2 
Crystals of the indacene core substituted compound JULBD2 were also obtained by 
slow evaporation of diethyl ether into a saturated dichloromethane solution of the 
compound. In this compound, single crystal X-ray diffraction studies indicate that a 
torsion angle of 100.09° is observed between the carbon atoms C28, C18, C5 and C4.  
For the equivalent atoms in JULBD the torsion angle was observed to be 128.02◦ 
(please refer to Figure 11).  
 
Figure 9 - The atom labelled crystal structure of JULBD2. 
 
This means that a greater degree of orthogonality could be seen between the julolidine 
moiety and the indacene core in JULBD when compared to JULBD2. It is very likely 
that the julolidine moiety in JULBD2 will experience a steric hindrance effect from 
the methyl groups in the 1 and 7 positions.  
 
 
 
Figure 10 - The structure and numbering scheme of bodipy. 
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Figure 11 – Far left: The crystal packing arrangement of JULBD2: carbon (grey), 
nitrogen (blue), boron (pink), fluorine (green). Middle: torsion angle in JULBD2. 
Far right: the larger torsion angle observed in JULBD.  
 
The crystal packing diagram below (Figure 12) indicates how the molecules adopt a 
head-to-tail packing sequence to allow for maximum interaction of the phenyl ring of 
each julolidine unit.  
 
 
 
Figure 12 – The crystal packing diagram indicating how the phenyl rings stack, 
leading to maximal interaction. Insert: an image
24
 showing typical p-stacking 
interactions.  
 
 
4.4 NMR spectroscopic data 
 
1H, 13C, 19F and 11B NMR spectra were recorded for NITBD, PHBD, BD1 and 
JULBD2. The carbon spectra of all but the latter were recorded in a range of solvents 
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of disparate polarity for use in the NMR study. Proton and carbon spectra of BD2-
BD4 were also recorded and can be located in the supplementary data section of the 
publication. 
 
4.4.1   NITBD 
                         
Figure 13 – The aromatic region of the 
1
H NMR spectrum for NITBD in CDCl3 at 
RT. 
 
Chemical 
shift (ppm) 
Intensity 
(no. of H 
Atoms) 
Multiplicity Coupling 
constant (J/ 
Hz) 
Assignment 
8.41 2 d 8.8 2 
8.00 2 s N/A 9 
7.76 2 d 8.8 3 
6.85 2 d 4.0 7 
6.59 2 d 4.0 8 
Table 2 – The 
1
H NMR peak assignment for NITBD. 
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Figure 14 – 
13
C NMR spectrum of NITBD in CDCl3 at RT. 
 
Chemical shift (δ) Carbon assignment  Chemical shift (δ) 
(Continued) 
Carbon 
assignment 
149.1 1  131.2 7 
145.6 9  131.2 3 
143.8 5  123.7 2 
139.8 4  119.4 8 
134.5 6    
Table 3 – 
13
C Chemical shifts for NITBD recorded in CDCl3 at RT. 
 
4.4.2   PHBD 
   
Figure 15 – The aromatic region of the 
1
H NMR spectrum of PHBD in CDCl3 at RT. 
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The most downfield shifted proton set at δ 7.94 corresponds to those adjacent to the 
nitrogen atom of the indacene core, i.e., in the 3 and 5 position according to the 
typical bodipy numbering scheme (9 on the structure). Meanwhile, the most 
downfield shifted doublet situated at δ 6.93 ppm corresponds to the protons in the 1 
and 7 position (protons 7). The remaining doublet at δ 6.54 ppm can be attributed to 
the protons in the 2 and 6 position (protons 8). The five protons situated on the phenyl 
ring resonate as a multiplet with a complex appearance. 
 
   
Figure 16 – 
13
C NMR spectrum of PHBD in CDCl3 at RT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 – HMQC spectrum of PHBD in CDCl3 at RT showing the proton to carbon 
correlations.  
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An annotated HMQC spectrum of the molecule is shown above (Figure 17) and 
shows the carbon and proton assignment. Carbons 4, 5 and 6 are quaternary carbons 
and are denoted Q on the diagram. The other carbon atoms have been assigned using a 
combination of literature chemical shift values and observations taken from the other 
spectra for the remaining dyads in the series.   
 
Chemical shift 
(ppm) 
Intensity (no. of 
H Atoms) 
Multiplicity Coupling 
constant (J/ Hz) 
Assignment 
7.94 2 s N/A 9 
7.54 5 m N/A Phenyl ring 
protons 
6.93 2 d 3.7 7 
6.54 2 d 3.7 8 
Table 4 – The 
1
H NMR peak assignment for PHBD. 
 
In order to determine the identity of quaternary carbon atoms 4, 5 and 6, an HMBC 
spectrum was recorded and is shown below (Figure 18). Carbon 6 was assigned first 
as correlations were observed between this carbon atom and protons 7, 8 and 9. This 
peak could only correspond to carbon 6 as carbon 5 is too many bonds away from 
both proton 8 and proton 9 to reasonably display a correlation and carbon 4 is too 
distant from all of these protons. The remaining two peaks corresponding to carbons 4 
and 5 both display a correlation with the multiplet at δ 7.54 corresponding to the 
phenyl protons. It has already been seen that in JULBD and NITBD, carbon 5 
appears downfield of 4 which was also confirmed by a low-level peak assignment 
prediction. Thus, carbon 5 was assigned as the most downfield peak in the carbon 
spectrum, at δ 147.3 ppm. 
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Figure 18 – HMBC spectrum of PHBD recorded in CDCl3 at RT.  
 
Chemical shift (δ) Carbon assignment  Chemical shift (δ) 
(Continued) 
Carbon 
assignment 
147.3 5  130.7 1 
144.0 9  130.4 3 
134.8 6  128.4 2 
133.6 4  118.5 8 
131.5 7    
Table 5 – 
13
C chemical shift assignment for PHBD in CDCl3 at RT. 
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4.4.3   JULBD2 
 
 
Figure 19 – 
1
H NMR spectrum of JULBD2 in CDCl3 at RT. 
 
Chemical 
shift (ppm) 
Intensity 
(no. of H 
Atoms) 
Multiplicity Coupling 
constant (J/ 
Hz) 
Assignment 
6.59 2 s N/A 3 
3.20 4 t 5.5 a 
2.74 4 t 5.5 c 
2.51 6 s N/A g 
2.31 4 q 7.5  e 
1.99 4 m N/A b 
1.47 6 s N/A d 
0.99 6 t 7.5 f 
Table 6 - 
1
H NMR peak assignment for JULBD2.   
 
The peaks corresponding to the protons on the cyclohexane ring moiety of julolidine 
can be instantly assigned as their positions are known from the JULBD assignment. 
The locations of the peaks corresponding to the methyl and ethyl groups of the 
indacene core substitution are also well known from a previous assignment. Similarly, 
the protons attached to carbon set 3 are simply assigned due to the unique singlet in 
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the aromatic region which can only correspond to these protons. The HMQC 
spectrum can now be considered to assign the non-quaternary carbon atoms.  
 
Figure 20 – HMQC NMR spectrum of JULBD2 in CDCl3 at RT. 
 
Figure 21 – HMBC spectrum of JULBD2 in CDCl3 at RT.  
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The J correlations in the HMBC spectrum in Figure 21 are highlighted by the 
annotated lines. These allow a direct correlation to be seen between several connected 
proton and carbon atoms and permits the assignment of carbons b, c, d, e, f and g. 
 
Figure 22 – Selective view of the DEPT-135 spectrum for JULBD 2 recorded in 
CDCl3 at RT.  
 
The DEPT-135 technique produces a spectrum in which signals corresponding to CH 
and CH3 groups appear in a different phase from those generated by CH2 groups. In 
Figure 22, it can be seen that the peaks at δ12.21, 12.39 (these two peaks appear 
extremely close together in the spectrum above) and δ14.64 in the aliphatic region of 
the spectrum, in addition to the peak at δ126.47 in the aromatic region are in the 
opposite phase to the remainder of the peaks. Due to the fact that the peak at δ126.47 
was instantly assigned to be carbon 3 (due to the correlation observed in the HMQC 
spectrum) and we know this carbon has a single hydrogen atom attached, it can be 
elucidated that the CH and CH3 groups point upwards in this spectrum and the CH2 
groups downwards. Thus the peaks in the aliphatic region correspond to carbons D, G 
and F.   
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Figure 23 – An extract from the HMBC spectrum recorded of JULBD2 in CDCl3 at 
RT, showing the aromatic carbon region and the aliphatic proton peaks. 
 
From the portion of the HMBC spectrum shown in Figure 23, along with a low-level 
peak prediction programme, the remaining carbon atoms were assigned. Carbon 9 was 
the first to be located. At this carbon atom, correlations to protons g, e and d were 
observed, similar to the correlation cross peaks seen at carbons 8 and 7. 8 also shows 
a correlation to aliphatic proton f.  
 
When looking at carbons 7, 8 and 9, the latter typically resonates in the most 
downfield position and the peak prediction tool confirmed this.  Carbon 8 was also 
assigned on the basis that it would be more likely to correlate to proton f than either 
carbon 7 or 9 would, due to its proximal location.  
 
Carbons 1 and 5 possess chemical shift values in very close proximity and the 
spectrum must be closely examined to determine which of the proximal peaks show 
correlations to certain protons. Upon expansion of the spectrum, it could be seen that 
the correlation cross peaks to protons a and c were in line with the slightly more 
downfield peak, i.e., carbon 1. Carbons 4 and 5 are both the least likely to correlate 
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with any aliphatic protons, thus the assignment of these two carbons is fitting. The 
peak prediction tool suggested that carbon 5 should resonate downfield of 4. The 
carbon atom assigned to be 2 shows correlations with proton sets b and c which 
certainly fits.  
 
Finally, the assignment of carbons 6 and 1 can be explained. Carbon 6 was assigned 
on the basis that it is unlikely to show correlations with any protons other than set d. 
Meanwhile, carbon 1 shows a correlation to aliphatic carbon sets a and c.  
 
Chemical shift Carbon atom 
assignment 
 Chemical shift Carbon atom 
assignment 
152.53 9  121.75 2 
142.82 1  49.99 a 
142.29 5  27.53 c 
138.49 7  22.04 b 
132.09 8  17.09 e 
131.45 6  14.64 f 
126.47 3  12.39 d and g 
122.15 4  12.21 
Table 7 - 
13
C NMR peak assignment for JULBD2 recorded in CDCl3. 
 
4.5  Investigations into solvent polarity effects 
4.5.1 Solvent polarity effects 
It is well known that solvent polarity is an integral factor when establishing the level 
of intramolecular charge transfer in photoactive assemblies of the type discussed 
within this chapter. Consequently, 13C NMR spectra were recorded for each of 
JULBD, PHBD and NITBD in a range of deuterated solvents. This was carried out in 
order to explore the influence of solvent polarity on the electronic environment at 
carbon atoms throughout the systems. The full results can be acquired from the 
supporting information section of the publication, whilst the most significant and 
noteworthy observations are discussed hereon in.  
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Table 8, below, shows the collected 13C chemical shifts of the three dyads recorded in 
CDCl3 at 25°C. Δδ1 is defined as δ JULBD-δ PHBD and Δδ2 as δ NITBD-δ PHBD.  
 
Carbon no JULBD NITBD PHBD Δδ1 Δδ2 
1 146.5 149.1 130.7 15.4 18.4 
2 120.9 123.7 128.4 -7.5 -4.7 
3 131.1 131.2 130.4 0.7 0.8 
4 121.1 139.8 133.7 -12.7 6.1 
5 148.5 143.8 147.3 1.2 -3.5 
6 134.2 134.5 134.9 -0.7 -0.4 
7 130.3 131.2 131.6 -1.3 -0.4 
8 117.1 119.4 118.5 -1.4 0.9 
9 140.7 145.6 144.0 -3.3 1.6 
Table 8 – 
13
C NMR chemical shifts (ppm
a
) for the bodipy based derivatives in CDCl3 
at 25°C. 
a 
Error ± 0.1 ppm 
 
In Table 9, the chemical shift differences for carbon atoms 5 and 9 are highlighted. In 
spite of the limited range of solvents, valuable trends can be observed. For example, 
the variation of Δδ2 for carbon 9 observed for NITBD is essentially insensitive 
towards solvent polarity changes. In spite of this, there are clear perturbations seen for 
carbon 5, which is to be expected considering that this is the connector atom. This 
behaviour can be used to argue that the extent of ground state charge transfer is 
minimal for the nitro derivative and thus, significant solvent polarity effects are 
negated.  This idea is consistent with the computed dipole moment (the product of the 
computed quantity of positive or negative charge and the distance between their 
centroids). 
 
However, noteworthy changes in Δδ1 are observed for JULBD at carbons 5 and 9, 
where variations appear to mirror one another; i.e., an increase for carbon 5 is 
accompanied by a decrease for carbon 9. The final two columns in Table 9 are solvent 
polarity functions. ENT is representative of Reichardt’s ENT parameter whilst SPP is 
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the abbreviation used to represent Catalàn’s solvent dipolarity/ polarisability 
function.25 
 
Reichardt’s ENT parameter is the normal ET30 solvent polarity parameter based on the 
intramolecular CT absorption of a pyridinium-N-phenolate betaine dye. Catalàn’s 
solvent dipolarity/ polarisability (SPP) scale is based on UV-vis measurements of the 
2-N,N-dimethyl-7-nitrofluorene/ 2-fluoro-7-nitrofluorene probe/ homomorph pair1. 
 
 
Table 9 – Difference in 
13
C chemical shifts for selected carbon atoms for JULBD and 
NITBD in various deuterated solvents. 
a 
values taken for the protiated solvent
26
Solvent Δδ1 (C5) Δδ2 (C5) Δδ1 (C9) Δδ2 (C9) ENT
a
 SPP 
(CD3)2SO 0.8 -2.9 -4.6 1.1 0.444 1.000 
D8-THF 1.3 -2.9 -3.6 1.2 0.207 0.838 
CD2Cl2 1.1 -3.8 -3.8 1.2 0.309 0.876 
CD3CN 0.8 -3.2 -4.3 1.2 0.460 0.895 
(CD3)2CO 1.2 -3.0 -4.0 1.2 0.355 0.881 
CDCl3 1.2 -3.5 -3.3 1.6 0.259 0.786 
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The chemical shift data obtained for JULBD was then compared with both the SPP 
function and Reichardt’s ENT parameter. The modulus of the chemical shift 
difference, expressed as│Δδ1│was used for simplification. The plots generated are 
shown in Figure 24 below. 
 
Figure 24 -│Δδ1│versus Reichardt’s ENT parameter for JULBD (shown left) and 
│Δδ1│ versus Catalàn’s solvent dipolarity/ polarisability function (SPP) for JULBD 
(right).  Carbon 9 (●) and carbon 5 (■) linear least squares fit (solid line). The 
obtained least-squares linear equation to the data points is also shown.   
 
It should be pointed out that there is an adequate least squares linear correlation for 
carbon 9 of │Δδ1│with both SPP and the ENT parameter. The latter parameter also 
gave a strong correlation for carbon 5. It can also be observed that the modulus of the 
gradient for carbon 9 is approximately twice that for carbon 5 (Figure 24, left). This 
result indicates that the carbon alpha to the nitrogen is more susceptible to changes in 
electron density. 
 
4.5.2 Quantum chemical calculations 
It is suggested from the solvent dependent NMR findings, that the distribution of 
electron density within the dipyrromethene segment is somehow related to individual 
13C chemical shift values. This can be backed up by work conducted by Palafox et 
al.27 The group were able to show that in phenothiazines, (heterocyclic organic 
compounds known to possess remarkable pharmacological properties28) electron 
densities on certain carbon atoms are related to the experimental chemical shifts.  
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Figure 25 – Phenothiazine (left) and N-methyl phenothiazine (right) studied by 
Palafox et al.  
 
The group incorporated both semi-empirical and ab initio methods and interpreted 
their NMR findings in terms of the electron densities on the atoms and the stacking 
solute-solute association in DMSO solution. In general, they found that in both 
compounds, the experimental chemical shifts agree with their calculated values 
through their electronic densities. Linear correlations between the two, calculated by 
Hartree-Fock and B3LYP were established.  
 
In order to determine whether or not a similar correlation was achievable for our 
range of compounds, high level computational calculations were conducted. These 
studies were carried out both on the target molecules and in addition to this, on four 
further bodipy derivatives used as control compounds. These results were included in 
an attempt to ascertain the electron density distribution at each dipyrrin carbon atom. 
The structures of these bodipy systems are shown below (Figure 26). Whilst BD1 was 
prepared for the project, it should be noted that BD2-BD4 were stored samples 
prepared previously by former group members. 
 
Figure 26 – The additional bodipy based compounds used in the computational 
calculations.  
 
These supplementary derivatives were considered to be a means of identifying the 
most appropriate computational protocol. In addition, it would permit testing as to 
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whether the relationship between the electron charge density and the 13C NMR 
chemical shift could be applied to a wider range of bodipy compounds.  
 
The carbon assignment for BD3 is known in the literature29 and the data for the other 
three systems was collected in the same way as that for the target compounds. When it 
came to BD1 however, complications arose. This was due to the fact that the 
compound had been prepared and characterised previously30,31,32 and two conflicting 
13C resonance assignments reported. A chemical shift assignment different to that 
reported within this thesis had also been made for the protons adjacent to the nitrogen 
atoms. In an attempt to resolve this issue, the sample of BD1 was subjected to a full 
1H/ 13C chemical shift assignment similar to that performed on the target compounds.  
 
In the 1H chemical shift assignments documented in the literature,6,7,8 the most 
downfield resonance is taken as proton 7 and proton 9 is at δ 7.18 ppm, a deduction 
based on the COSY spectrum (Figure 27). This spectrum is identical in appearance to 
that collected using the sample prepared in house. However, the NOESY spectrum 
provided conflicting information - suggesting instead that the most downfield 
resonance is proton 9. This is supported by a low-level 1H NMR chemical shift 
prediction carried out using ChemDraw ULTRA. The apparent long range coupling 
shown in the COSY spectrum can be attributed to the “W” effect.33 
 
 
Figure 27 – COSY spectrum of BD1 in CDCl3, showing the cross correlations and the 
apparent long-range 
5
J “W” effect spin coupling between carbons 5 and 9. 
Chapter 4 
 
 150 
 
For the control compounds, partial Mulliken charges were calculated for the energy 
minimised structures in vacuo at several different computational levels, i.e., AM1, 
PM3, MNDO, HF-321G, HF-631G**, DFT (B3LYP/6-311++G**. Please refer to the 
glossary at the beginning of the chapter for more details on these terms.  
 
Mulliken charges differ from effective charge in that they are nominal atomic charges 
determined by Mulliken population analysis34 -the simplest technique to describe the 
electron distribution in a molecule35. Effective charge and Mulliken charge 
encapsulate differing aspects of the physics involved, with the former giving more 
information on the vibrational properties of molecules and hence their chemical 
bonding. In contrast to this, the Mulliken population analysis yields more information 
on electron density distributions in systems and is more useful in our study.  
 
The most suitable calculation carried out in this situation was deemed to be the DFT 
(density functional theory) method. Calculations using HF-321G and HF-631G** also 
offered Mulliken charge results consistent in sign and nature for the entire bodipy 
series, whilst some computational theory was less successful.  
 
As an example, when BD3 is analysed as a control, a linear correlation is observed 
between the calculated Mulliken charge obtained from the DFT study and the 13C 
chemical shift for the carbon resonances concerned. It was noted that the Mulliken 
charge calculated for C6/6a was highly positive and not in keeping with the observed 
δ value, a trend which was actually observed for calculations made at all levels of 
theory on each of the bodipy derivatives. In order to overcome this issue, the linear fit 
shown in Figure 28 below was plotted for use as a calibration curve with which to 
correct this over-estimation.  
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Figure 28 – Correlation between the Mulliken charge at the carbon atoms and the 
corresponding chemical shift
36
 (δ) measured in CDCl3 for BD3.  
 
A number of similar plots obtained for the other bodipy derivatives studied, also 
displayed a good linear relationship between Mulliken charge and chemical shift and 
the slopes and intercepts derived from these plots are collected in Table 10 below. 
 
Compound Slope / MC δ
-1
 Intercept / MC 
BD1 0.0122 -1.70 
BD2 0.0198 -2.67 
BD4 0.0141 -1.89 
JULBD 0.0085 -1.17 
PHBD 0.0081 -1.12 
NITBD 0.0091 -1.40 
Table 10 – Calculated parameters from the Mulliken charge versus 
13
C chemical shift 
plots for a series of bodipy derivatives. 
 
It must be mentioned however, that although the R2 (goodness-of-fit) value varies 
widely through the range of compounds studied, the slopes are extraordinarily similar 
across the series. It should be taken into account that non-alkylated to fully-alkylated 
dipyrrin units and non-meso substituted derivatives are all included together. A 
noteworthy observation is that the slope/ intercept values for JULBD and PHBD are 
extremely similar. In addition to this, at a computational level, the electron donating 
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capability of the julolidine moiety does not appear to seriously affect the electron 
density distributions in the dipyrrin core. This is in spite of the clear localization of 
the HOMO on the julolidine and the LUMO on the bodipy core as detailed in Figure 
29. 
 
Figure 29 - Computer generated HOMO (left) and LUMO (right) for JULBD in 
vacuo using the DFT (B3LYP/6-311++G**) method. 
 
Carbon 5 uniquely appears to be much affected as illustrated by the plot shown in 
Figure 30 below. This examines the variation in Mulliken charge with chemical shift 
when comparing JULBD with PHBD. In spite of this, it is noticeable that the upfield 
shifts for carbon 6 to 9 are accompanied by, albeit small, increases in electron density 
on the carbon atoms.   
 
Figure 30 – The change in Mulliken charge versus change in chemical shift when 
comparing JULBD with PHBD.  
 
4.6  Photophysical Properties 
The photophysics of bodipy based systems is a well documented topic in the 
literature37. The absorption profile generated is known to prominently display a broad 
feature at short wavelength which is associated with the S0-S2 electronic transition. In 
addition to this, a sharper and more intense peak can be located at lower energy and 
assigned to the S0-S1 electronic transition. In the absorption profiles recorded for 
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PHBD and NITBD in acetonitrile (Figure 31), the long wavelength absorption band 
maximum (λBD = 504 nm) for NITBD is slightly red shifted when compared to 
PHBD (λBD = 497 nm) and a notable increase in the band half width is also seen. In 
addition, the close resemblance between the two reinforces the fact that ground state 
charge transfer in NITBD is very small. 
 
 
 
 
Figure 31 – Top: absorption and normalised fluorescence spectra
38
 recorded for 
PHBD (green) and NITBD (blue) dyes in CH3CN solution at RT.  
Bottom: normalised absorption spectra recorded for JULBD in cyclohexane (purple), 
ethyl acetate (red) and acetonitrile (green) at room temperature. 
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Figure 32 – Top: Solutions of JULBD in CCl4, di-n-butyl ether, ethyl acetate, DCM, 
chlorobenzene and butyronitrile (LàR). Bottom: An identical set of solutions under 
illumination.  
 
In addition, there is an accompanying reduction in the molar absorption co-efficient at 
the band maximum – a broadening effect which is also apparent in the fluorescence 
spectral profile for NITBD in acetonitrile (see also Figure 31). Here, the fluorescence 
maxima are located at 518 and 540 nm respectively for PHBD and NITBD, whilst the 
quantum yield of fluorescence measured for PHBD (MeCN, RT) was found to equal 
just 0.044 (ΦF) – a substantially smaller value than those typically recorded for bodipy 
derivatives. This was believed to be due to the fact that the phenylene ring can freely 
rotate around the connecting C-C bond, creating a molecular rotor type system in 
which the fluorescence properties are sensitive to changes in the viscosity of the local 
environment39.  
 
The fluorescence quantum yield of NITBD is further reduced to 0.027 due to the 
occurrence of an excited state charge transfer effect in which bodipy acts as donor and 
the nitrobenzene residue behaves as the acceptor. The extended Stokes Shift observed 
in acetonitrile for NITBD (SS = 1320cm-1) relative to PHBD (SS = 815 cm-1) also 
confirms that this effect is taking place. The computer calculated ground state dipole 
moments for JULBD, PHBD and NITBD are 8.26 D, 5.46 D and 0.05 D 
respectively. The small value observed for NITBD can be attributed to the opposing 
effect of electron donation by the phenylene unit and charge transfer towards the nitro 
group. These two effects seem to almost cancel each other out and is also a likely 
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explanation as to why the 13C NMR chemical shifts are less heavily influenced by 
polarity change.   
 
It is immediately apparent that the absorption spectrum for JULBD is markedly 
different than those recorded for the other target compounds. Furthermore, even by 
eye, there is a very noticeable connection between the colour of the solution and the 
polarity of the solvent. This is illustrated by the images of the set of solutions shown 
in Figure 32. For example, JULBD dissolved in CCl4 affords a red coloured solution, 
but when an identical quantity is solubilised in butyronitrile, an intense blue colour is 
observed. It can also be seen that in the latter solvent, in addition to the typical bodipy 
based absorption bands, a broad, Gaussian shaped charge transfer band is seen at 
around λCT = 600 nm. This position of this band exhibits a strong dependency upon 
solvent polarity and a blue shift, accompanied by line-narrowing is observed as the 
solvent polarity decreases.  
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These findings are grouped together in Table 11 below:  
 
Solvent fCT λCT (cm
-1
) λBD (cm
-1
) R
a
 SPP
b 
Cyclohexane 0.065 18,532 20,284 2.32 0.557 
CCl4 0.096 18,349 20,268 2.42 0.632 
Bu2O 0.130 18,342 20,467 2.37 0.652 
Et2O 0.185 18,162 20,600 2.41 0.694 
1,4-dioxane 0.165 17,980 20,534 2.50 0.701 
Me-THF 0.207 17,775 20,610 2.44 0.717 
CHCl3 0.213 17,470 20,542 2.35 0.786 
EtOAc 0.216 17,737 20,713 2.39 0.795 
Chlorobenzene 0.188 17,259 20,509 2.35 0.824 
THF 0.196 17,593 20,627 2.39 0.838 
DCM 0.248 17,071 20,661 2.12 0.876 
Acetone 0.222 17,271 20,807 2.20 0.881 
MeCN 0.285 16,955 20,912 2.05 0.895 
BuCN 0.267 17,082 20,764 2.20 0.915 
Propylene carbonate 0.272 16,578 20,790 2.06 0.930 
DMF 0.288 16,784 20,713 2.16 0.939 
DMSO 0.290 16,617 20,653 2.13 1.00 
 
Table 11 – Photophysical properties derived for JULBD in a range of solvents at 
20°C. 
a = ratio of intensities at the maxima of the bodipy and CT bands. 
b = Catalán’s solvent polarity function 
 
There is also an accompanying minor shift in λBD with solvent polarizability. This has 
been reported previously for bodipy based dyes by Boens and co-workers40. In Figure 
33, the linear correlation observed between λCT and Catalàn’s solvent polarity 
function (SPP) is shown. The correlation seen is a strong indicator of the high degree 
of charge transfer in the ground state for this compound. Interestingly, a linear 
relationship can be observed between λCT and │Δδ│for carbons 5 and 9 (Figure 34). 
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This result is further indication that the high level of ground state charge transfer 
character present in JULBD affects the 13C NMR chemical shift values.  
 
 
Figure 33 – Left: Correlation between the charge transfer absorption band maximum 
(λCT) and Catalán’s Solvent polarity function (SPP). Right: Correlation between 
charge transfer absorption band maximum (λCT) and change in chemical shift (│Δδ│) 
for carbon 5 (■) and carbon 9 (•). The least squares fit to the data points is also 
shown in addition to the corresponding equation and goodness of fit.  
 
It can also be seen from Table 11 on the previous page, that the oscillator strength 
(fCT)
41 for the CT absorption band increases markedly in more polar solvents. In spite 
of this, the ratio of the intensities at the maxima of bodipy and CT bands does not 
proceed via a smooth correlation with solvent polarity. Once again, a good linear 
relationship holds between oscillator strength and SPP with a slope of 0.5 and an 
intercept of -0.19 being observed. In spite of the fact that when this type of analysis is 
used, the intercept does not have a real physical meaning, the slope offers an 
indication of the degree of influence that the solvent exerts over intramolecular charge 
transfer.  
 
In JULBD, fluorescence is observed in non-polar solvents at an intensity which drops 
swiftly as the solvent polarity increases. It must be said that a highly recognisable 
characteristic of JULBD is the distinctive on/off switching and emission colour 
change even with very slight variations in solvent polarity. The clear yellow emission 
found in CCl4 solution becomes increasingly red in colour in di-n-butyl ether (Figure 
33) and practically disappears in the other solvents. 
 
Chapter 4 
 
 158 
4. 7  Conclusion 
 
It has been demonstrated by the studies carried out and detailed within this chapter, 
that dipyrrin carbon resonances for the strongly coupled donor-acceptor system 
JULBD are susceptible to the local polarity of the solvent.  
 
Comparative methods which minimize problems associated with normal solvent 
induced chemical shift changes have been used and reasonable correlations observed 
for carbon chemical shifts to two solvent polarity functions. DFT computational 
calculations have also proved to be successful in relating the distribution of charge at 
carbon atoms to 13C chemical shifts for bodipy derivatives. Correlations observed 
between oscillator strength (fCT) and change in chemical shift (from JULBD to 
PHBD) were highly noteworthy, particularly the correlation established for meso 
carbon 5 shown in Figure 35 below:  
 
Figure 35 – The correlation observed between the charge transfer oscillator strength 
and the modulus of the chemical shift change at carbon 5. 
 
This can be attributed to the fact that fCT is directly related to the matrix element of the 
dipole moment for the charge transfer electronic transition. This makes the correlation 
particularly feasible, due to the fact that carbon 5 is the connection point for the 
donor-acceptor subunits. This type of analysis may be applicable on a wider scale 
than imagined in the first instance and it is fully expected that it will be tested on 
systems currently being synthesised within the MPL.   
 
It must also be said that the emissive characteristics of JULBD and its excited state 
deactivation are far from straightforward and it is hoped that further studies to be 
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undertaken on the dyad will reveal more about its fascinating photophysical 
properties.  
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Some of the material featured in this chapter is included in the following publication: 
Benniston, A. C.; Clift, S. V.; Hagon, J.; Lemmetyinen, H.; Tkachenko, N. V.; 
Harrington, R. W. ChemPhysChem, 2012, 13, 3672. 
 
The structures and names of the bodipy compounds to be discussed within this chapter 
are given below: 
                     
 
 
 
 
 
 
Figure 1 – The bodipy compounds discussed within chapter 5.  
 
 
 
 
 
 
  Chapter 5 
 
164 
 
5.1 Introduction 
5.1.1  Donor-Spacer-Acceptor dyads 
A continuous theme which is present throughout this thesis, is the desire to investigate 
charge transfer in donor-acceptor dyads. An interesting extension to this exploration, 
is to examine systems which incorporate a spacer, i.e., a bridging moiety that connects 
the donor unit with its complimentary acceptor. This unit traditionally plays the dual 
role of being a conduit by which efficient through-bond energy interactions can be 
promoted and also as a stabilising unit for the maintenance of structural integrity 
within the assembly1. Incorporation of such a unit also allows control of the angles 
and the distance between donor and acceptor sites which dictate the rate and 
efficiency of both long-range electron transfer and charge recombination.2 There has 
been much interest in recent years concerning photoactive Donor-Spacer-Acceptor 
systems.3,4,5 It is known that the strength and degree of electronic coupling between 
indirectly connected donor-acceptor pairs are sensitive to the conformation6, length7 
and composition8 of the spacing moiety in these D-Sp-A dyads. The state of 
hybridization of carbon bridges can also influence the magnitude of electronic 
coupling between donor and acceptor.9 
 
As aforementioned, the conformation of the bridging moiety is integral to controlling 
the strength and extent of electronic coupling in such D-Sp-A dyads, an elegant 
example being the quinone and chlorophyll electron donors and acceptors in 
photosynthetic reaction centres. These are located at precise orientations and distances 
in order to encourage efficient and effective charge separation and to hinder charge 
recombination.10  Within these systems, the nature of the bridging moiety which links 
donor and acceptor is deemed to exert a substantial influence over the observed rates 
of electron transfer.11 Recently, it has come to light that the handedness of the spacer 
may also have an effect on the rate of electron transfer. This work will be discussed 
further in Chapter 6 which addresses the synthesis and characterisation of a 
binaphthyl-spaced dyad. The species prepared (named DMABNBD) can be 
considered to be a control compound for future work to be carried out within the MPL 
to investigate the effects induced by chirality on the rate of electron transfer in D-Sp-
A dyads.  
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Within this chapter, the synthesis, characterisation and photochemistry of a series of 
dyads is discussed. It is hoped that an additional future project will include a thorough 
photophysical analysis of the species discussed here and also of DMABNBD, to 
compare the effects of increasing the size of the spacer and thus the distance between 
the N,N-dimethylaniline donor and bodipy acceptor.    
 
In order to complete the synthesis of the dyads, many new challenges were embarked 
upon which had not been previously attempted within the MPL. The most 
synthetically perplexing step of this particular part of the project was certainly the 
borylation of julolidine or its brominated counterpart to generate the appropriate 
coupling partner. Standard methods for the preparation of aryl boronic acids and 
esters can be harsh and thus incompatible with various functional groups12. However, 
novel techniques have recently emerged13 which provide a milder route to aryl 
boronate esters. Within this chapter, a detailed discussion is given of the conditions 
attempted, including Grignard and organolithiation methods, C-H activation via 
iridium catalysis and studies incorporating palladium species and novel ligand 
systems. Due to the utility of aryl boronic acids and esters as key reaction 
intermediates for the preparation of a wide range of synthetic targets14, it is hoped that 
the reaction protocols developed within this chapter will be reproduced by future 
MPL members.  
 
5.1.2 Carbon-carbon bond formation  
Aromatic carbon-carbon bond forming reactions have recently emerged as vitally 
important methodologies for the preparation of complex organic molecules. Of the 
numerous coupling procedures presiding over the literature today, the most common 
are undoubtedly the Suzuki15,16, Heck17,18,19 and Sonogashira20 reactions. Both 
Negishi21 and Stille22 coupling are also increasing in popularity. The former utilises 
either a nickel or a palladium based catalyst to couple organozinc23 reagents with 
various organohalides and was the first procedure which permitted synthesis of 
unsymmetrical biaryls in high yield. The latter method uses a palladium catalyst to 
couple stannanes with halides.   
 
 
  Chapter 5 
 
166 
 
Scheme 1
24 which illustrates a general catalytic route is shown below: 
 
 
m = Li (Murahashi); Mg (Kumada-Tamao, Corriu); B (Suzuki-Miyaura); Al (Nozaki-
Oshima, Negishi); Si (Tamao-Kumada, Hiyama-Hatanaka); Zn (Negishi); Cu 
(Normant); Zr (Negishi); Sn (Stille, Migita-Kosugi). 
[M] = Pd, Fe, Ni, Cu, Rh  
X = I, Br, Cl, OTf 
Scheme 1 – The outline of a general catalytic scheme in which R is an organic moiety, 
m is an element, X is a leaving group and [M] is a metal-based catalyst.  
 
The standard catalytic cycle described for both the Suzuki and Heck reactions 
involves a homogenous, molecular palladium catalyst which cycles between the Pd(0) 
and Pd(II) oxidation states during the course of the catalytic reaction25. The two 
procedures are similar in concept with the exception being that the nucleophile for 
transmetallation is derived from an aryl boronic acid as opposed to an olefin. The 
reasoning behind these choices, further mechanistic discussions and the choice of the 
halide coupling partner to be used will be discussed in greater detail in the following 
subsection.  
 
With the high commercial availability of many aryl boronic acids, in addition to the 
fact that standard procedures to generate this type of reagent are well documented in 
the literature, the Suzuki reaction is preferential in the case of this project. The Stille 
coupling protocol has the downside of the relatively toxic nature of the stannanes 
required, whilst the organozinc halides involved in Negishi coupling are less 
commonly located on a commercial level and in many cases, display only moderate 
reactivity towards several common organic electrophiles. This is due to the less polar 
nature of the carbon-zinc bond in comparison to more highly polarised Grignard- and 
organolithium-species, for example. Amongst the aryl halides, chlorides, with their 
lower cost and increased compound diversity,26 are becoming increasingly popular. 
Noteworthy advances are being made in the development of tailor-made palladium 
based catalyst systems for the coupling of aryl chlorides27.  However they remain less 
reactive and harsher conditions are typically enforced to achieve coupling which can 
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prove to be detrimental to other species present. Therefore, bromides and iodides 
which dominate the literature and exhibit higher reactivity28 will be used 
preferentially within the synthetic routes devised. 
 
5.2 Synthesis  
Scheme 2 and 3 illustrate the initial route designed to accomplish the synthesis of the 
donor-acceptor dyads discussed within this chapter is given below:  
 
 
Reagents: i) N-bromosuccinimide, benzoyl peroxide, CCl4. ii) DMSO, NaHCO3. iii) 
DCM, 2,4-dimethyl-3-ethylpyrrole, TFA, DDQ, N,N’-diisopropylethylamine, 
BF3.Et2O.  
Scheme 2 – The initially proposed synthetic route to generate BRNBD. 
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Reagents and conditions: iv) PdCl2(PPh3)2, Na2CO3 (2.0M), THF, reflux, 24h v) Pd(PPh3)4, 
Na2CO3 (2.0M), THF, µW, 30mins. 
Scheme 3 - Representation of the synthetic route initially devised to achieve the synthesis of 
JULNBD and DMANBD via Suzuki coupling.  
 
In order to obtain the desired target molecules explored here, various problems were 
overcome, with the main issue being the synthesis of julolidine boronic ester 
(compound 5). This was the component required to generate JULNBD via a Suzuki 
coupling mechanism, appending this unit onto bromonaphthalene substituted bodipy 
(BRNBD). The synthesis of the latter was luckily far more straight forward and 
involved a 3-step procedure with each synthetic step being well documented in the 
literature. Furthermore, the starting material, 1-methyl-4-bromonaphthalane (1), was 
commercially available and relatively inexpensive.     
 
The first step was the N-bromosuccinimide and benzoyl peroxide mediated radical 
bromination of 1-methyl-4-bromonaphthalene, which gave the desired halogenated 
product (2) in a good yield. Carbon tetrachloride was employed initially as solvent, 
however it was found that when α,α,α-trifluorotoluene, a solvent frequently employed 
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in radical mediated reactions of this type, replaced the less desirable carbon 
tetrachloride, the yield was much improved from just 65% to 97%. The product, 1-
bromo-4-bromomethylnaphthalene (2), was then subjected to a Kornblum reaction29 
whereby it was oxidized to the corresponding aldehyde (3) using DMSO and sodium 
hydrogen carbonate. Again a very high yield was obtained, this time of 90% following 
column chromatography purification. These two reactions proceeded exceedingly 
cleanly, with just a very small portion of starting material remaining and no unwanted 
side products. The final step was generation of the bodipy via the standard synthetic 
protocol involving aldehyde condensation (1-bromo-4-naphthaldehyde (3) in this 
case) with 2,4-dimethyl, 3-ethyl pyrrole in the presence of TFA followed by oxidation 
using DDQ to generate the dipyrromethene. Finally, removal of the pyrrole protons 
was achieved using N,N-DIPEA and complexation with boron trifluoride diethyl 
etherate generated BRNBD, in reasonable yield (54%).  
 
In order to create the spaced donor-acceptor dyad, the boronic acid donor counterpart 
was prepared. It was envisaged that julolidine would again be used as the electron 
donor due to the success of JULBD and the interesting electron donating capabilities 
of julolidine. Therefore bromination was carried out using NBS in acetonitrile30 which 
is outlined in Scheme 4. 
 
 
Scheme 4 – The NBS mediated bromination of julolidine. 
 
From the known brominating reagents for aromatic rings,31 NBS was selected due to 
the popularity for the electrophilic substitution of aromatic rings32,33 and the successes 
encountered by previous group members when using this reagent. Furthermore, 
bromides typically exhibit higher reactivity than chlorides, for example in the 
generation of Grignard and organolithium species. 9-bromojulolidine was then 
purified by column chromatography which removed and recovered all unreacted 
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julolidine starting material. This could then be used in subsequent reactions. A DCM/ 
petrol (1:3) mixture was employed as eluent and the desired product was generated in 
good yield (64%). Subsequent scale-up of this procedure generated a large stockpile 
of 9-bromojulolidine (7) was for use in subsequent manipulations. Unfortunately for a 
long time, synthesis of julolidine boronic acid was unfruitful. Various literature 
methods were tested, including much organometallic chemistry such as Grignard 
reactions and organolithiations.  
 
 
 
Reagents: (i) THF, -78°, BuLi, (ii) RT, trimethylborate.   
 
 
 
Reagents: (ii) THF, Mg, I2, Δ, (iv) trimethylborate.    
Scheme 5 – Attempted synthesis of julolidine boronic acid (8) via Grignard and 
organo-lithiation reactions.  
 
In both cases, the initial debromination/ metallation step was found to proceed 
successfully but problems arose on completion of the borylation, as it was observed 
via TLC that much julolidine was regenerated and also that small quantities of 
bromojulolidine starting material remained. The borylated derivative was absent. 
Numerous attempts were made to improve the yields but modification of the synthetic 
protocols by varying solvents, reagents and temperatures proved unsuccessful. 
Therefore, it was believed that synthesis of the boronic ester as opposed to the acid, 
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the former of which are notoriously more stable and far simpler to synthesise and 
store, would be a preferred method to try. The reason that boronic esters were not 
selected initially over boronic acids was due to the higher volume of publications 
documenting Suzuki coupling of boronic acids. The fact that our research group had 
synthesised them previously (meaning that synthetic protocols had been modified and 
improved) and also that all the reagents required were readily accessible. Luckily, 
however, esters of this type were becoming increasingly popular for use in this 
area34,35 and examples of suitable coupling conditions were far more common than 
originally anticipated. 
 
Reagents: (i) THF, Mg, I2, Δ, (ii) RT, B2Pin2.  
 
Scheme 6 – The two protocols devised for the preparation of julolidine boronic ester 
(compound 5). 
Reagents: (iii) THF, -78°, 
t
BuLi, (iv) RT, B2Pin2. 
Unfortunately, once again the Grignard route proved unsuccessful, with the 
bispinacolatodiboron (abbreviated to B2pin2 henceforth) employed as borylating agent 
appearing unbound in the crude NMR spectra of the product.  Both the 1H NMR 
spectrum and a TLC of the crude material visibly displayed evidence of residual 
bromojulolidine and julolidine. However, when tertiary butyllithium in THF was 
employed, again using B2pin2, (via route (ii)), 5 could be isolated in 20% yield 
(according to Scheme 6) following purification by column chromatography on silica 
gel.  
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This allowed us to synthesise and isolate a very small quantity of JULNBD following 
the Suzuki coupling reaction of the boronic ester onto the bromonaphthalene 
substituted bodipy according to Scheme 3. However, in order to generate enough 
material for photophysical investigation, electrochemistry and full characterization, 
the yields associated with the borylation step had to be improved.  
 
Following a thorough literature search, it was decided that catalytic methods 
involving palladium and iridium based species would be tested instead. It is only 
relatively recently that iridium catalysis has been practised to generate boronic ester 
species of this type via aromatic C-H bond borylation.36,37 The carbon-hydrogen bond 
is one of the most fundamental linkages in organic chemistry and activation of this 
bond offers the possibility of direct introduction of a new functionality. The range of 
substrates is virtually unlimited38 and includes polymers, natural products39 and 
complex organic systems to name but a few. The versatility of organoboron 
derivatives in organic synthesis40,41 renders the activation and subsequent borylation 
of hydrocarbons highly appealing. When electron donating substituents are used, 
much success can be observed and C-H activation looked to be a highly promising 
method.  
    
 
 
Figure 2 – The structures of the iridium catalysts and ligands discussed.  
Clockwise from top left: Bis(1,5-cyclooctadiene)diiridium(I) dichloride, Bis(1,5-
cyclooctadiene)diiridium(I) dimethoxide, 4,4′-Di-tert-butyl-2,2′-dipyridyl. 
 
The catalyst employed was [IrCl(COD)]2 and di-tertiarybutylpyridine was used as a 
ligand (see Figure 2 for structures). B2pin2 was again employed as borylating agent 
and the solvent used was methyl-tert-butyl-ether (abbreviated to MTBE from hereon 
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in)35. It was found unfortunately that when julolidine was employed as starting 
material, the desired product did not form and only starting material remained. 
Therefore, the conditions were altered and [IrCl(COD)]2 (3 mol% with respect to 
iridium) was used instead, along with 2,2’bipyridine and B2pin2. A test reaction was 
carried out first using one of the starting materials employed by Ishiyama et al.42, 
α,α,α-trifluorotoluene. The crude reaction mixture was analysed by GC-MS which 
showed the presence of the borylated product (272 g mol-1) and also a peak 
corresponding to residual B2pin2 (253 g mol
-1). 1H NMR spectroscopy also confirmed 
the presence of the desired product, but it turned out that the ortho substituted isomer 
had also formed in addition to the para-substituted product, in a 1:2 ratio (ortho: 
para). This was inevitably also a possibility in the synthesis of our desired species. 
 
       2       :  1 
Scheme 7: The borylation of α,α,α-trifluorotoluene.     
Reagents: i) [IrCl(COD)]2, 2,2’bipyridine. 
 
Due to the relative success observed during the test reaction, julolidine was then 
subjected to the same conditions, but it was observed by GC that the percentage 
conversion to product was extremely low and much starting material remained. The 
reaction temperature, ligand and solvent were all varied, but to no avail. It was 
decided therefore that an alternative iridium source should be tested- a methoxy-
bridged dimer (compound 13). Due firstly to its relatively high cost and secondly to 
the fact that a substantial quantity of [IrCl(COD)] had already been purchased, the 
desired species was prepared via Scheme 843.  
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Scheme 8 – Synthesis of the iridium based methoxy-bridged dimer using methanol and 
potassium hydroxide. 
 
This reaction generated the desired species and a clean 1H NMR spectrum was gained, 
but unfortunately the product was synthesised in poor yield with much starting 
material remaining. Therefore, an alternative and equally straight forward synthesis 
was tested employing sodium methoxide according to Scheme 9.  
 
 
Scheme 9 – Synthesis of the iridium based methoxy-bridged dimer using sodium 
methoxide.  
 
Again the desired product was generated but in poor yield with much starting material 
remaining. Thus a third method was tested in which anhydrous sodium carbonate and 
methanol were used (Scheme 10)44:   
 
 
Scheme 10 – Synthesis of the iridium based methoxy-bridged dimer using sodium 
carbonate and methanol. 
 
This reaction gave the cleanest 1H NMR spectrum and appeared also to give the best 
conversion to product when the reaction mixture was analysed by GC. Synthesis of 
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julolidine boronic ester (compound 5) therefore recommenced employing this catalyst 
and using microwave irradiation as opposed to conventional heating methods, in-
keeping with published work35.  The ligand used here was 4,4-di-tertbutyl 2,2-
dipyridyl and tert-butyl ether was used as solvent. The reaction was heated at 80˚C for 
one hour. Scheme 11 summarises this reaction as follows:  
 
Scheme 11 - The C-H activation pathway leading to compound 5, including the 
iridium based catalytic intermediate.   
 
The 1H NMR spectrum showed that the reaction had worked but had not gone to 
completion, thus the synthetic protocol was repeated with a lengthened heating time 
of 18 hours. This time more product appeared to have been generated, but again it was 
clear from the integrals in the 1H NMR spectrum that it did not go to completion. The 
combined crude products were purified by column chromatography. However due to 
the small scale of each reaction and the low yields, only a very small quantity of 
boronic ester was isolated, which would prove difficult to proceed with. Therefore, 
the two options were either to scale-up the reaction or instead, to find an alternative 
method. Unfortunately upon scale up, an appreciable decrease in the yield was 
observed and it was decided that a palladium catalysed method might give more 
successful results.  
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Figure 3 - The palladium catalysts and ligands tested. Left to right: S-phos, 
Palladium acetate, Bis(acetonitrile)dichloropalladium(II).  
 
The first system tested was based on a communication45 promoting the use of ionic 
liquids as an efficient medium for palladium catalysed cross-coupling reactions. 1-
Butyl-3-methylimidazolium tetrafluoroborate was used as the solvent and palladium 
acetate as catalyst with pinacolborane as the boron source.  Unfortunately, although 
the TLC taken indicated product formation, following column chromatography 
purification, it was evident that the quantity of boronic ester generated was negligible. 
An alternative catalytic system was therefore developed, also employing palladium 
acetate, with the ligand 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl 
(abbreviated to S-Phos henceforth) and potassium phosphate in 1,4-dioxane46. 
Unfortunately yet again the yields were poor, however upon substitution of palladium 
acetate with bis(acetonitrile)dichloropalladium(II)47, an improved conversion was 
observed and the product was isolated in 40% yield. The method used, developed by 
Buchwald and Billingsley, also allowed for a lower catalyst loading and shorter 
reaction times. Suzuki coupling, using microwave irradiation and a traditional tetrakis 
triphenylphosphosphine palladium (0) catalyst, was then affected to generate further 
JULNBD and the desired product was isolated in good yield following purification by 
column chromatography.  
 
During the time it took to optimize the julolidine boronic ester synthesis, a second 
donor-acceptor dyad was prepared using the commercially available 
dimethylaminophenyl boronic acid as an alternative amine donor. This species was 
expected to behave slightly differently due to the fact that the dimethylamino- unit 
was free to rotate about the N-C bond connecting the N(Me)2 group to the aromatic 
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ring. This molecule was synthesised according to the following scheme and isolated in 
good yield (70%). 
 
 
Scheme 12 - A synthetic method to describe the modified route incorporating the 
dimethylaminophenyl unit to generate DMANBD. Reagents and conditions: i) 
PdCl2(PPh3)2, Na2CO3 (2.0M), THF, reflux, 24h.  
 
The proposed catalytic cycle for the reaction taking place is given below.  
 
Figure 4 - A catalytic cycle incorporating the reagents and start materials used for 
the palladium catalysed Suzuki coupling of BRNBD and dimethylaminophenyl 
boronic acid.  
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The cycle highlights the importance of the base involved in Suzuki coupling. It serves 
to activate the boron atom of the boronic acid by enhancing the polarisation of the 
organic ligand and thus facilitates the transmetallation process.  
 
In order to compare the effect that the spacer has on the photophysics of the system, 
the simple un-spaced dyads were synthesised, subjecting the commercially available 
dimethylaminophenyl-9-carboxaldehyde to standard bodipy forming conditions. 
Similar to the preparation of JULBD, PHBD and NITBD discussed in Chapter 4, 
DMABD was synthesised via the dipyrromethane which was first purified by column 
chromatography on basic aluminium oxide, prior to reaction to generate the bodipy.  
 
 
Figure 5 - The N,N-dimethylaniline substituted bodipy dyad series prepared. (L-R: 
DMABD, DMABDS, DMANBD.) 
 
5.3 Crystal Structure Analysis 
All three dimethylaniline substituted bodipy molecules readily crystallised to afford 
X-ray diffraction quality samples. The molecular packing diagram for the crystal 
structure and atom-labelled molecular structures of all three compounds are given 
below.  For full tables of crystal data and structure refinement please refer to the 
attached data disc.  
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5.3.1  DMANBD 
 
Figure 6 – The molecular structure of DMANBD with atom labelling.   
 
 
Figure 7 – Left: Molecular packing in the crystal structure of DMANBD:  nitrogen 
(blue), boron (pink), fluorine (green), hydrogen (white). Right: the torsion angle 
observed between the naphthalene unit and the bodipy framework of 93.53°.  
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5.3.2  DMABDS 
 
Figure 8 – The molecular structure of DMABDS with atom labelling. 
 
 
 
Figure 9 – Left: The torsion angle calculated for DMABDS of 101.56°. Right: Molecular 
packing in the crystal structure of DMABDS: carbon (grey), nitrogen (blue), boron (pink), 
fluorine (green). The hydrogen atoms have been omitted for clarity.  
 
It can be seen from both the packing diagram and the molecular structure of 
DMABDS, that the indacene plane and the N,N-dimethylaniline unit are almost 
orthogonal to one another. This is due to the steric constraints imposed by the two 1,7-
dimethyl groups. The torsion angle between C4-C5-C18-C19 was calculated to be 
101.56°.  This is different to the angles observed in DMANBD where it can be seen 
that the naphthalene spacer resides in an almost orthogonal position, whereas the N,N-
dimethylaniline subunit is less constrained and more in plane with the dipyrrin 
moiety.  
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Furthermore, in both dyads the molecular packing diagram shows that the molecules 
lie parallel to one another in a head to tail orientation. The meso-phenyl ring of the 
dimethylamino unit of one molecule is almost orthogonal to the indacene core of the 
second, indicating there are no significant π-π stacking interactions.   
 
From structural determination, it was also possible to obtain an accurate distance 
between the donor (N,N-dimethylaniline) and the acceptor (dipyrrin) groups for both 
systems. The centre to centre distance, which is indicated in Figure 10 below, is 
calculated from the nitrogen atom to a centroid of the middle ring in the dipyrrin core. 
It can be seen that insertion of the naphthyl spacer results in an approximate 60% 
increase in distance between the donor and acceptor units. 
 
 
Figure 10 – X-ray structure determined molecular images for DMANBD (top) and 
DMABDS (bottom) with hydrogen atoms omitted for clarity. 
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5.3.3  DMABD 
 
 
Figure 11- The molecular structure of DMABD with atom labelling. 
 
 
 
Figure 12 – Left: Molecular packing in the crystal structure of DMABD.  
Carbon (grey), nitrogen (blue), boron (pink), fluorine (green). The hydrogen atoms 
have been omitted for clarity. Centre: The torsion angle in DMABD of 134.34°. 
Right: A space-filling diagram of the molecule.  
 
In all three crystal packing diagrams, a slightly offset head-to-tail centrosymmetric 
arrangement of the two central molecules can be observed. This is a common motif 
present in many bodipy derivatives48. 
 
In all three compounds, the central six membered ring containing B-N1-C4-C5-C6-N2 
is almost co-planar with the adjacent 5-membered rings, indicating strong π-electron 
delocalisation within the indacene plane. The two fluorine atoms in all three 
compounds occupy apical positions with respect to the mean plane of the indacene 
ring system. Ball and stick models of DMANBD and DMABDS developed in Spartan 
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06 also confirm the orthogonal nature of the phenyl or naphthyl moiety relative to the 
indacene plane.  
 
        
 
Figure 13 – Molecular models generated using Spartan showing the relative 
orientation of the indacene plane and the aromatic moiety.  
 
5.4      Molecular Orbital Calculations 
The spatial localisation of the HOMO and LUMO for both the dyads were calculated 
using density functional theory (B3LYP, 6-311G) and Gaussian O349. The 
representation of the orbitals is shown in Figure 14.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 - Representation of the HOMO-1, HOMO and LUMO for the two dyads 
(left: DMABDS and right: DMANBD) as calculated using DFT (B3LYP) and the 6-
311G basis set. Energies for orbitals are given in Hartrees. 
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In both the N,N-dimethylaniline based dyads, the LUMO is localised exclusively on 
the dipyrromethene unit. The energy of this orbital does not appear to be significantly 
affected by the nature of the appended aromatic in the meso position. In DMABDS, 
the HOMO is localised on the dipyrromethene moiety, and it is the HOMO-1 that 
dominates the N,N-dimethylaniline group. The difference in energy between the 
orbitals is small (160 mV).  
In comparison, the DFT calculated HOMO for DMANBD is localised on the N,N-
dimethylaniline group and very little electron density resides on the intervening 
naphthyl unit. The HOMO-1 is localised on the dipyrromethene moiety this time, and 
once again, a small energy difference between the two orbitals can be observed (136 
mV). The variance in ordering of the HOMOs for the two dyads can very likely be 
attributed to the insertion of the naphthyl group.  
In DMANBD, the HOMO-LUMO gap of 2.80 eV represents the energy associated 
with one-electron transfer from the electron donating dimethylamine moiety to the 
bodipy chromophore. The latter residue is behaving as the electron acceptor here. The 
similar energy gap for DMABDS is 3.10 eV (i.e., HOMO-1 to LUMO). It must be 
noted that these calculated energy gaps are rather large, since there is no solvation 
contribution to the stabilisation. However, the general trend of the larger energy gap 
for DMABDS (cf. DMANBD) is consistent with the results observed from cyclic 
voltammagrams which will be discussed later in the chapter.  
5.5  NMR spectral data 
5.5.1 Fluorine NMR spectra 
As previously discussed, typical 19F spectra for bodipy compounds constitute a single quartet 
due to coupling to 11B (I = 3/2, J ≈ 32 Hz).50 Often, slight deviation can be seen from this 
coupling pattern due to the unsymmetrical nature of the appendage present at the meso 
position. 19F spectra for the bodipy derivatives discussed within this chapter are given below 
in Figure 15.  
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              BNAPBD         DMABDS               DMABD 
      
              JULNBD    DMANBD 
  
Figure 15 - 
19
F spectra of the bodipy systems discussed within this chapter. 
 
It can be seen that the fluorine spectra corresponding to DMABD and DMABDS 
exclusively display the typical quartet coupling pattern. This is due to the fact that 
both fluorines are equivalent as all the molecules are symmetrical. In the other 
spectra, broadening takes place. This is because each other system possesses a 
different symmetry point group due to the presence of the unsymmetrical spacer. The 
effect is particularly noticeable in the case of DMANBD.  For those systems which do 
not display the characteristic quartet pattern, it is believed that a doublet of quartets is 
likely to be generated, which is appearing as a broadened peak in the room 
temperature NMR experiment. The broadening is due to the presence of two 
inequivalent fluorine atoms which couple both to one another and to boron. This is 
elucidated further in the following chapter when the binaphthalene spaced N,N-
dimethylaniline dyad is discussed.  
 
5. 5. 2 Proton NMR spectra 
Selected annotated spectra are given below. In order to complete a full proton 
assignment, 2-dimensional correlated spectra including HMQC, HMBC and COSY 
methods are used.    
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The NMR spectra recorded for DMABDS will be discussed initially. 
 
 
Figure 16 - The aromatic region of the COSY correlated spectrum of DMABDS in 
CDCl3 at room temperature. 
 
 
Figure 17 – The aliphatic region of the COSY correlated spectrum of DMABDS in 
CDCl3 at room temperature.  
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In the aromatic region, a correlation is seen between protons c and b confirming their 
proximity. In the aliphatic region, a correlation is seen between e and f and a smaller 
cross peak can be observed connecting d and g.  
 
Figure 18 - A 
1
H NMR spectrum for DMABDS recorded in CDCl3 at room 
temperature. 
 
 
 
Figure 19 – An HMBC spectrum of DMABDS in CDCl3.  
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Figure 20 – An HMBC spectrum showing correlations between aromatic carbon 
atoms and aliphatic protons of DMABDS in CDCl3.   
 
 
Figure 21 - An annotated 
1
H NMR spectrum of JULNBD. The multiplet situated in 
the region of 7.32 to 7.49 ppm is expanded for clarity.  
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Chemical shift 
(ppm) 
Intensity (no. of H 
Atoms) 
Multiplicity Assignment 
8.08 1 d 
e and f 
7.77 1 d 
7.35 4 m g, h, i, j 
6.94 2 s d 
3.17 4 t a 
2.80 4 t c 
2.50 6 s n 
2.19 4 q m 
2.00 4 m b 
0.97 6 s k 
0.88 6 t l 
 
Table 1 – 
1
H chemical shift assignment for JULNBD. 
    
5.6 Photophysical and electrochemical properties 
5.6.1   Electrochemistry 
An investigation into the redox behaviour of the N,N-dimethylaniline bodipy series 
was carried out in dry DCM (0.2M TBATFB) by cyclic voltammetry. The working 
electrode used was glassy carbon whilst a platinum wire was employed as the counter 
electrode and a silver wire as the reference. The cyclic voltammagrams can largely be 
interpreted in terms of the known electrochemical behaviour of isolated bodipy51.   
 
 
 
 
 
 
 
Figure 22 - Cyclic voltammogram recorded for DMANBD in dry MeCN (0.2 M 
TBATFB) at a platinum electrode vs Ag/AgCl. Scan rate = 50 mV s-1. 
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The oxidative scan segment for the voltammogram of DMANBD (Figure 22) 
contains a quasi-reversible one-electron wave at E1/2 = +0.84 V (90 mV) vs Ag/AgCl. 
This wave is associated with oxidation of the amine. Upon further scanning, a second 
quasi-reversible wave can be observed at E1/2 = +1.09 V (140 mV) vs Ag/AgCl. This 
corresponds to redox of the bodipy site. In the reductive potential window, a one-
electron quasi–reversible wave is seen at E1/2 = - 1.13 V vs Ag/AgCl and is associated 
with reduction of the bodipy group. The energy difference (ΔE) between potentials for 
amine oxidation and reduction of the bodipy is 1.97 V.  The solubility of DMABDS 
in MeCN is rather poor and collection of a good quality cyclic voltammogram proved 
to be difficult. The oxidative scan for DMABDS is dominated by two one-electron 
quasi-reversible waves. These are located at +1.13 V (90 mV) and +1.31 V (190 mV) 
vs Ag/AgCl. The first wave corresponds to the amine oxidation, whilst the second is 
oxidation of the bodipy group. The single wave observed at E1/2 = - 1.03 V (80 mV) 
on reductive scanning is again redox at the bodipy site and the corresponding value 
for ΔE is 2.16 V. It is noted that ΔEDMABDS> ΔEDMANBD. The difference in potentials 
for oxidation of the amine (EDMABDS-EDMANBD) is 290 mV. It can be seen that the 
same value from the computational calculation is remarkably similar.   
5.6.2   Photophysical studies - Absorption and Fluorescence 
Figure 23 presents the electronic absorption spectra for DMABDS and DMANBD in 
dilute acetonitrile. The typical sharp strong absorption band associated with the 
bodipy-centered S0-S1 electronic transition is observed at 520 nm in DMABDS and 
525 nm in DMANBD. The small red shift of 5 nm in λABS for DMANBD can be 
attributed to the effect of partial conjugation with the naphthyl unit. It can be observed 
that bodipy-based S0-S2 absorption profile for DMANBD is much weaker and also 
obscured by the π-π* electronic transitions of the naphthyl group.  
Extremely weak room temperature fluorescence can be observed from dilute solutions 
of highly purified samples of DMABDS or DMANBD in acetonitrile. The emission 
profiles are reasonable mirror images of the absorption bands and the Stokes’ shifts 
are again typical for Bodipy-like chromophores52. Upper limits of fluorescence 
quantum yields (ФFLU) for DMABDS and DMANBD are 0.0003 and 0.002 
respectively.  Fluorescence lifetimes (τs) were too short to be measured by the 
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conventional time-correlated-single-photon-counting technique. As discussed later, 
femtosecond up-conversion spectroscopy provided reliable values for τs.      
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Figure 23– Room temperature absorption spectra recorded for DMABDS (red) and 
DMANBD (black) in dilute acetonitrile.  
 
5.6.3  Time Resolved Transient Absorption Spectroscopy 
This technique was then carried out on the two N,N-dimethylaniline systems, 
DMABDS and DMANBD. It measures the absorption of a sample at a particular 
wavelength or wavelength range as a function of time, following excitation by a laser 
pulse. Transient absorption spectroscopy can be used to rationalise and further 
elucidate the charge separation and charge recombination mechanisms taking place 
within photoactive systems. A basic representation of this is featured in the diagram 
below (Figure 24).    
 
 
 
 
 
 
 
Figure 24 – A diagram to illustrate the mechanism of charge separation and charge 
recombination within donor-acceptor dyads.  
 
Acceptor Donor A* D A- D+ A D
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These mechanisms are observed in nature in supramolecular devices such as the 
photosynthetic reaction centre, in which pigments are arranged in a highly organized 
manner to execute efficient photon absorption and light harvesting (Figure 25)53,54. 
Please refer to the introductory chapter of this thesis for further information on 
photosynthetic systems. 
 
  
 
Figure 25 – The images to the left
55
 and to the right
56
 both display a pigment-protein 
complex in the photosynthetic reaction centre of a purple bacterium.  
 
In the image above left, the white fog indicates quantum coherence between the 
excitations of two pigment molecules, Bphy (bacteriopheophytin) and BChI 
(Bacteriochlorophyll). This promotes efficient energy transfer to the protein57. In 
order to compete with processes which inevitably lead to loss of energy from the 
system such as internal conversion, intersystem crossing and fluorescence, the 
electron- and energy-transfer processes which fix the excited state energy in 
photosynthesis must be executed on an extremely rapid timescale. For example, the 
process of energy transfer in a photosynthetic membrane occurs over a period of less 
than 100 femtoseconds to hundreds of picoseconds58.  
 
In order to investigate these events, ultrafast techniques down to a sub-100 fs 
resolution must be used. By doing this, energy migration within the system, in 
addition to the generation of new chemical species (such as charge separated states) 
can be tracked in real-time. Ultrafast transient absorption spectroscopy can allow us to 
do this59.   
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5.6.4 Results 
Results generated from a series of steady-state measurements performed on both 
dyads indicated efficient excited-state deactivation. In order to further investigate the 
photophysical properties of the N,N-dimethylaniline dyads, femtosecond time-
resolved transient absorption experiments were undertaken.   
Samples of DMABDS and DMANBD solubilised in acetonitrile were excited with a 
70 femtosecond laser pulse delivered at 385 nm. Around 50-70 time resolved spectra 
were recorded over a 200-1000 ps time frame depending on the relaxation time of the 
sample. The data was fitted to generate relaxation time constants and the decay 
component spectra associated with them. Results of the measurements for DMABDS 
in acetonitrile are given in Figure 26 below. At an early time delay, a clear bleach 
effect could be observed at 521 nm and a negative transient absorption in the range of 
540-600 nm. Here, virtually no ground state absorption of the sample can be seen. 
With a time constant of 1.5ps, the negative absorption becomes a transient absorption 
band with a maximum at around 580 nm. This new feature can be assigned to the 
bodipy based radical anion60. Relaxation can be seen with a time constant of 140 ps. 
However, after relaxation of the band, some bleaching of the ground state absorption 
remains, indicating that approximately a quarter of initially excited molecules remain 
in an excited state.  
 
Figure 26 – Left: Transient absorption decay components obtained from three 
exponential fit of the pump probe data gained for DMABDS in acetonitrile; time 
constants: 1.5 ps (blue), 140 ps (green) and 1 ns (red). Right: Time resolved transient 
absorption spectra at a number of delay times obtained after group velocity 
dispersion compensation; the delay times are indicated in the plot.  
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The time profile of the transient absorption evolution at 580 nm in addition to 
fluorescence decay of the sample measured using up-conversion techniques are 
presented in Figure 27. The strong, almost instant negative absorption at 580 nm 
becomes positive with the same time constant as the decay of the sample 
fluorescence. This, along with the fact that the charge separated state is generated 
from the singlet excited state, suggests that the negative absorption originates from the 
stimulated emission.  
 
Figure 27 – Transient absorption time profiles at 580 nm (left) and fluorescence 
decay at 550 nm (right) recorded of DMABDS in MeCN. 
A similar transient absorption experiment was performed with DMANBD in MeCN 
but the results turned out to be harder to analyse. The measurements were repeated in 
a number of solvents including DMF, THF and toluene. The results of pump probe 
measurements of DMANBD in DMF and comparison of the transient absorption time 
profile at 580nm with the fluorescence decay are both presented in Figure 28 below.   
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Figure 28 – Left: Transient absorption decay components obtained from a three 
exponential fit of pump-probe data of DMANBD in DMF. The time constants 
corresponding to the component spectra are indicated in the plot. Right: Time 
resolved transient absorption spectra at a number of delay times obtained after group 
velocity dispersion compensation; again, the delay times are indicated in the plot. 
The transient absorption signal for DMANBD decays much more rapidly than that for 
DMABDS.  However, it can be seen that the emission decay relaxes more slowly for 
the naphthalene spaced dyad. At the same time, the number of intermediate states in 
relaxation of the excited state of DMANBD is smaller than for DMABDS. A few 
reactions take place in the same time scale of a few picoseconds which makes 
quantitative analysis a difficult task. However, the shape of the 12ps component for 
DMABDS is very similar to the 140 ps component for DMABDS displaying an 
absorption band at around 580 nm. This band can be attributed to the charge separated 
state. The electron transfer takes place from the singlet excited state with time 
constant close to 7ps. This time constant can be seen in the fluorescence decay plot 
and also through disappearance of the negative absorption band in the 540-600 nm 
region of the spectrum. The lifetime of the charge separated state is only 12ps and the 
small difference in formation and decay time constants renders the band at 580 nm 
almost invisible. Even so, close inspection of the transient absorption kinetics at 
580nm indicates that after simultaneous relaxation of stimulated (negative) absorption 
and fluorescence, a positive absorption is formed (Figure 29). 
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Figure 29 – Transient absorption time profiles at 580 nm (left) and fluorescence 
decay at 550 nm (right) of DMANBD in DMF.  
Two other differences between the transient absorption profiles for DMABDS and 
DMANBD are that for the latter there is a very fast component which can be 
attributed to internal conversion from the second excited singlet state to the first. This 
process is extremely fast (0.1 ps) and practically unresolved due to the time resolution 
of the instrument (of 0.2 ps). There is virtually no long lived component for 
DMANBD which can be explained by the fast charge recombination observed.  
In THF, the difference between charge separation and recombination time constants is 
larger for DMANBD and the characteristic bodipy based radical anion band can be 
seen more clearly. Also, all spectral features of DMANBD in acetonitrile, DMF and 
THF were similar and generally the same conclusions can be made for the transient 
states formed in all three solvent systems. Unfortunately, comparison of photoinduced 
reactions in DMABDS and DMANBD in a broader solvent range was hampered by 
the poor solubility of the former. 
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5.7 Interpretation 
Based on information gained from cyclic voltammagrams and molecular modelling 
calculations, a basic model for singlet excited state deactivation for the two dyads can 
be proposed (Figure 30).   
 
Figure 30 – A simplified energy diagram showing possible contributions to excited 
state deactivation of the bodipy and the formed charge transfer state.  
 
In polar acetonitrile, the fully formed singlet charge transfer state (1CTS) is situated at 
around 220 mV (DMABDS) and 390 mV (DMANBD) below the respective bodipy 
S1 states. The Gibb’s free energy changes (ΔGCT) for formation of the 1CTS as 
calculated using Equation 1 are – 234 meV (DMABDS) and – 374 meV (DMANBD).  
 
 
 
ΔGCT= F(ED-EA)-E00+W   
 
Equation 1 – An equation to define the Gibbs free energy changes for formation of the 
singlet charge transfer state. 
 
In this equation, ED and EA are the oxidation and reduction potentials for the donor 
and acceptor respectively, E00 is the mid-point in the crossing of the absorption and 
fluorescence spectra for the donor (DMABDS = 2.34 eV, DMANBD  = 2.31 eV) and 
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W is the Coulombic work term. In MeCN these terms for the two dyads are only - 54 
meV (DMABDS) and - 34 meV (DMANBD).  
 
On spin considerations, a lower-lying triplet charge transfer state (3CTS) must also be 
evaluated. If the energy gap (1CTS-3CTS) is small, then the rate of intersystem 
crossing (k2) may be extremely fast
61. This scenario opens up an efficient pathway to 
populate the triplet state on the bodipy core (rate = k3). Direct population of the 
bodipy triplet state from the 1CTS is another feasible option (rate = k1), as well as 
direct restoration of the ground state (rate = kDREC). The value for k1 is very much 
dependent on the orientation between the orbitals on the dimethylaniline moiety and 
the bodipy. In an orthogonal arrangement, the charge transfer process is accompanied 
by a change in orbital angular momentum which facilitates the necessary spin flip to 
generate the triplet.  Direct recombination from 3CTS to the ground state is a spin-
forbidden process and presumably rather slow. Intersystem crossing from the bodipy 
S1 to T1 state is known to be in the order of 10
6 s-1.[27]  The energy of the triplet state is 
around 1.6 eV above the ground state.  
 
The evidence gained from transient absorption profiles suggests that in DMABDS, 
the 1CTS is formed very rapidly (kCTS = 7 x 10
11 s-1). However, the rate for decay of 
the 1CTS (second decay component) is considerably slower – around 6.4 x 109 s-1. 
The discrimination between rates for charge separation and charge recombination is 
extremely good (~100), especially considering the close proximity of the donor to the 
acceptor. It is worth noting that a similar effect was witnessed for a closely-spaced 
pyridinium-based bodipy dyad.62 The value for kDREC is around 5.4 x 10
9 s-1 for a 
driving force (ΔGDREC) of -2.11 eV. This places the electron transfer process well into 
the Marcus inverted region and the long-lived component in the transient records is 
assigned to the triplet localised on the bodipy.  
 
In DMANBD however, the scenario is rather different and the 1CTS is generated at a 
much slower rate of around 1.4 x1011 s-1 and relaxes far more rapidly (~0.8 x 1011 s-1), 
which is to be expected considering the increased distance between donor and 
acceptor. However, the faster charge recombination requires further analysis and for 
this we turn to the semi-classic Marcus electron transfer theory. Here, the 
reorganisation energy can be evaluated from known charge transfer and 
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recombination rate constants, free energies of the states and also using the assumption 
that electronic coupling is the same for both reactions63.  The calculations generate the 
values of 1.06 and 1.14 eV as the reorganisation energies for DMABDS and 
DMANBD respectively, which agrees with the expectation of a higher reorganization 
energy for DMANBD relative to that for DMABDS. This is due to the increased 
charge transfer distance in the naphthalene spaced dyad. The energies can be used to 
draw a Franck-Condon energy diagram for the two compounds in polar solvent, as 
illustrated in Figure 31 below: 
 
 
 
Figure 31 – A Franck-Condon energy diagram for DMABDS (dashed lines) and 
DMANBD (solid lines) in polar solvent. Blue curve – the ground state; red curve – 
singlet excited state, grey dotted line – triplet state.  
 
The essential difference in position of the CTS energy profiles is that for DMANBD 
the profile is shifted down (lower free energy of the CTS) and away from the excited 
state (higher reorganisation energy) relative to that of DMABDS.   
 
The potential barrier for the charge separation is smaller for the naphthalene-spaced 
dyad which could accelerate the electron transfer as compared with DMABDS. The 
distance between the donor and acceptor is larger for DMANBD, thus electronic 
coupling is weaker and the electron transfer rate slows down. The net result is an 
electron transfer reaction roughly four times slower for DMANBD. For the charge 
recombination, the key factor is the lower potential barrier in the spaced dyad, which 
is virtually equal to that of charge separation, according to the small difference in the 
reaction rate constants.  
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The electronic coupling discussed above can also be estimated for known reaction rate 
constant and energetics, the free and reorganization energies64. According to the semi-
classic Marcus theory, the couplings are 690 and 25 cm-1 for DMABDS and 
DMANBD respectively. The values are certainly reasonable and accounting for the 
difference in donor-acceptor distance between the dyads of 4.3 Å, the expected 
decrement factor in exponential dependence of the electron transfer rate constant on 
the distance is 0.8 Å. This is a very reasonable value for phenyl-like linker between 
the donor and acceptor. The semi classical ET theory is known to overestimate the 
rate constants in the inverted Marcus regime. In this particular case, both a 
quantitative and a qualitative picture predicted by the theory explains the differences 
observed between the two dyads.      
 
It can also be suggested that charge recombination results in triplet localisation on the 
bodipy. The long lived component in the transient absorption measurements of 
DMABDS is attributed to the triplet state, as is approximately 25% of the bleaching 
of the ground state absorption. This gives a rate of conversion from CTS to bodipy 
triplet state of around 2 x 109 s-1. The conversion mechanism is relatively complex, 
one thought is that the CTS changes in multiplicity then relaxation occurs to the 
lower-lying locally excited triplet state of the bodipy chromophore. The triplet state is 
virtually non-existent in excitation relaxation of DMANBD, due to the fact that 
conversion to the triplet state competes with the charge recombination which returns 
the system directly to the ground state. Since the charge recombination is much faster 
for DMANBD than for the unspaced dyad, the relative amount of molecules relaxing 
via the triplet state is smaller, even if the rate constants for this reaction pathway are 
identical. Furthermore, the reaction rates for the relaxation via the triplet state are 
expected to be slower for DMANBD than those for DMABDS due to the fact that the 
potential barrier is higher and the electronic coupling is smaller.       
 
5.8 Concluding remarks 
This chapter has described the synthesis, characterisation and basic photophysical 
examination of a novel series of N,N-dimethylaniline substituted bodipy dyads. This 
gave us an insight firstly into the numerous ways by which carbon-carbon bond 
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formation can be achieved and also, how reactions may be optimised by varying the 
solvent, ligand and catalyst. Following thorough research into borylation procedures 
via C-H activation and palladium catalysis (and subsequent modification and 
adaptation of these methods) it is hoped that future group members will be able to 
replicate the procedures to develop novel systems of their own quickly and easily. For 
effective borylation, it has been established that the palladium nitrile catalyst 
employed under the conditions discussed herein is a successful species, providing 
higher yields than other palladium derivatives or iridium based compounds.  
 
Additionally, transient absorption profiles recorded for both DMANBD and 
DMABDS have provided information about the charge separation and charge 
recombination processes occurring within the two dyads.  It can be concluded that in 
DMANBD, the naphthyl spacer provides a very feasible pathway for supporting 
formation of the charge transfer state. From the molecular orbital calculations, it 
appears that the energies of the spacing unit are extremely well suited to promote fast 
charge recombination.  
 
It is hoped that further similar studies involving these two dyads may permit further 
elucidation of the mechanistic pathways occurring. In addition to this, the synthesis 
and characterisation of the next dyad in the series, the N,N-dimethylaniline based 
binaphthalene spaced system, is addressed in the following chapter. The system is 
itself interesting due to its chiral nature by restricted rotation. The separation distance 
will increase by around 40 % and kCTS should decrease to approximately 1 x10
10 s-1 
assuming a simple exponential decay model. Of course, a secondary consideration is 
the twist angle (q) in the binaphthalene, since electron transfer rates are known to be 
highly dependent on q65. A thorough photophysical analysis is to be carried out on 
this species and it is hoped that such studies will permit further elucidation of the 
mechanistic pathways occurring. They should also allow the degree of involvement of 
the spacing unit to be analysed to a greater extent.   
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The structures and names of the bodipy compounds to be discussed within this chapter 
are given in Figure 1. The nomenclatures used are as follows: BR = bromine, N = 
naphthalene, BD = bodipy, TOL = toluene, PH = phenyl, DMA = 
dimethylaminophenyl and BN = binaphthalene, H = hydrogen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – The bodipy compounds discussed within chapter 6 and their naming. 
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6.1 Introduction 
  
6.1.1 The bridging unit   
 
As briefly discussed within the previous chapter, future projects to be carried out 
within the MPL will involve investigation into changes observed in electron transfer 
dynamics upon incorporation of chiral bridging units into donor-acceptor dyads. For 
comparative studies and in order to generate a reference compound and complete the 
series of dimethylaminophenyl derivatives, the final project undertaken is the 
synthesis of a novel binaphthalene-spaced bodipy dyad. The strapping unit is omitted 
in order that the spacer moiety can gyrate freely. As aforementioned, incorporating a 
bridging unit between donor and acceptor in molecular assemblies permits control of 
the angles and the distance between the two sites. This in turn governs both the 
efficiency and the rate of long-range electron transfer and charge recombination 
processes1 
Work by Rikken et al. exploring the issue of magneto-chiral anisotropyi using 
macroscopic electrodes manipulated to generate helical wires, suggests that “the 
electrical resistance of any chiral conductor should depend linearly both on the 
external magnetic field and the current through the conductor and on its handedness.” 
Investigating such theories on a molecular scale proved to be a fascinating concept 
and a pair of novel D-Sp-A dyads, incorporating inherently chiral tethered spacer 
units was recently developed within the MPLii. The spacer comprised a strapped 2,2’-
dialkoxybiphenyl moiety connecting two metal-terpyridine units (ruthenium(II) or 
osmium(II) bis-2,2’:6’,2”-terpyridine), with the torsion angle between the two phenyl 
rings and the internal flexibility being directly modulated by the length of the strap.  
 
 
Figure 2 - The change in torsion angle (f) that can be generated by permitting 
varying degrees of twisting through modification of chain length in an alkoxy- strap.  
 
Applications of such strapped donor-acceptor dyads include optical materials and 
electronic switches. In the case of the latter, the importance of the tunnelling of 
electrons through π and σ bonds must be evaluated. In the tethered biphenyl linked 
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Ru-Os complexes discussed, this was accomplished by comparison of the magnitude 
of the matrix coupling element, VDA, of both perpendicular and parallel geometries of 
a 2,2’-dialkoxybiphenyl unit. VDA is related to electron tunnelling through the 
potential barrier between donor and acceptor and shows an exponential dependence 
upon the distance between the two moieties, if this barrier is more or less uniform: 
 
VDA α exp[-γR] 
where γ is the parameter characterizing electron tunnelling. 
 
However, when a heterogeneous medium exists between donor and acceptor, VDA 
depends upon the arrangement of particles located between the two and therefore in 
such bridged species, the particles in question effectively permit a route via which 
electrons can ‘tunnel’ by using unoccupied electronic levels.4
3  
Over the past decade, numerous theoretical4 and experimental5 studies have 
investigated how the geometry of the spacer unit can determine the magnitude of VDA. 
Common spacing units incorporated into such dyads include aryls, alkynyls and allyls 
with simple alkyls also being used but less commonly so. Electron transfer along 
aromatic units such as polyphenylenes6 demonstrates increased efficiency in 
comparison with hydrocarbon chains.7 Of the aryls, naphthyl and binaphthyl are 
frequently incorporated units and were the choice moieties for the work discussed 
within this chapter. This was largely due to the fact that the protocols for resolution 
are much more firmly established with binaphthyls than for biphenyl species, and the 
control compound should be as similar as possible to the strapped derivative to be 
prepared.  
 
6.1.2 Alternative methods of synthesising bodipy systems 
  
This chapter also focuses upon an alternative method of synthesising meso-hydrogen 
bodipy systems. Since the initial synthesis of the fluorophore by Alfred Triebs and co-
workers in 1968,8 numerous alternative synthetic routes have been developed, 
facilitating the preparation of fascinating novel systems. Today, the two most popular 
methods for generating bodipy complexes, namely the acid chloride and aldehyde 
methods, are based upon the synthetic route employed by Triebs. The slight 
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modifications and fine-tuning of the syntheses over the years have led to substantial 
and dramatic improvements in the observed yields. The commercial availability of the 
starting materials plays a crucial role in the selection of the method to be used, with 
the corresponding aldehyde typically being far easier to locate than the acyl chloride 
derivative. The lower reactivity of the former also increases the range of substrates 
which can be used, as for example, aryl chlorides are too reactive for use with 
unsubstituted pyrrole.9  
 
A recent publication10 by Burgess and Wu described the preparation of several H-
meso bodipy compounds, in which pyrrole derivatives were treated with phosphorus 
oxychloride, generating the dipyrromethenium cation intermediate. This was then 
reacted further to give the corresponding bodipy. The mechanism proposed for 
dipyrromethene formation is given in Figure 3. The reaction was followed by 1H, 31P 
and 13C NMR spectroscopies and continuous UV measurements.  
 
 
 
Figure 3 – The mechanism for dipyrromethene formation incorporating phosphorus 
oxychloride. 
 
Discussed within this Chapter, is a proposed method of bodipy synthesis based upon 
the ability of the commonly employed reagent/ solvent formamide to undergo 
protonation in the presence of TFA. The final step is the proposed elimination of 
ammonium to generate the dipyrromethene unit. This gave promising results using a 
series of commercially available pyrrole derivatives, and further research is currently 
underway to improve upon both the yields gained and the range of pyrroles tested.     
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6.2 Synthesis  
6.2.1 Attempted preparation of DMABNBD 
In order to complete this project, several synthetic routes were proposed in order to 
generate the desired product, DMABNBD. The initial synthetic strategy designed and 
attempted is outlined in Scheme 1.  
 
 
 
Scheme 1 - The initial synthetic strategy designed and attempted to prepare 
DMABNBD.  
Reagents: i) N-Methyliminodiacetic acid, DMSO/ toluene (1:10), Dean-Stark ii) 
Dimethylaminophenylboronic acid, Na2CO3 (2.0M), PdCl2(PPh3)2, THF, reflux iii) 
NaOH  iv) Na2CO3 (2.0M), PdCl2(PPh3)2, THF, reflux.  
 
This synthetic route was very much dependent upon the success of a novel protecting 
group to allow a coupling reaction to take place at one location, whilst protecting the 
second reactive functionality. Thus, the first step of the synthesis was protection of the 
commercially available 4-bromo-1-naphthalene boronic acid (1) with N-
methyliminodiacetic acid (abbreviated to MIDA) to generate the boronic acid 
surrogate 2. 11 This is a current and convenient method of protecting the boronic acid 
functionality in a molecule which also contains another ‘active’ group at a different 
position. Elegant syntheses can be carried out using the MIDA boronate platform12. 
Here, it meant that reaction (e.g., Suzuki coupling) could be achieved at this ‘active’ 
position (a bromine atom in this case) without interference with the boronic acid 
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functionality. The protecting group can be removed quickly and easily by stirring in a 
solution of sodium hydroxide. This protection reaction was successfully achieved in 
90% yield using DMSO/ toluene as solvent and fitting a Dean-Stark trap to remove 
water. The DMSO was later removed on a Kugelrohr. One problem encountered, 
however, was that even after the sample was heated in a small tube under high 
vacuum, a small quantity of residual DMSO remained. The next step of the synthesis 
involved a Suzuki coupling and although it is not uncommon to carry out a reaction of 
this type in DMSO, it was found that a complex mixture of products was generated. 
None of the isolated products appeared to be the desired material. The reaction was 
also repeated omitting the work up step and instead, the Suzuki coupling reagents 
were added to the degasssed solvent mixture. Unfortunately, again this proved to be 
unsuccessful and left only unreacted starting materials. An alternative reaction 
pathway was therefore devised according to Scheme 2. 
 
 
 
Scheme 2 – The second synthetic route devised towards DMABNBD.  
Reagents: i) PdCl2(PPh3)2, Na2CO3 (2.0M), THF, reflux  ii) PdCl2(CH3CN)2, S-Phos, 
NEt3, pinacolborane, dioxane, 80˚C  iii) PdCl2(PPh3)2, Na2CO3 (2.0M), THF, reflux. 
 
The first step attempted involved coupling of 1,4-dibromonaphthalene (5) with 
dimethylaminophenyl boronic acid (6) in a 1:1 ratio. It was hoped that addition of the 
dimethylaminophenyl unit would deactivate the ring to attack at the second bromine 
atom, ensuring monosubstitution. This would then permit conversion of the second 
bromine atom to a boronic ester using the coupling conditions developed for the 
synthesis of julolidine boronic acid discussed in the previous chapter. Finally, 
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coupling of this compound with BRNBD would be affected to generate the desired 
doubly-spaced compound.  
 
After thorough research on the area, a catalytic system studied and developed by 
Buchwald et al.13 was tested on the commercially available components, 1-
bromonaphthalane (9) and naphthalene boronic acid (10) (Scheme 3). The coupled 
product, 1,1’-binaphthyl (11), was isolated in good yield (60%) proving that this type 
of system could successfully couple naphthalene-based substrates. To confirm that 
this method could be used in conjunction with bodipy compounds, the previously 
synthesised bromonaphthalene bodipy was coupled with naphthalene boronic acid 
(Scheme 4) to generate the corresponding binaphthalene derivative in good yield 
(52%). In both cases 1H NMR spectra and GC analysis confirmed the purity of the 
two compounds.   
 
 
Scheme 3 – The synthesis of 1,1’-binaphthyl via Suzuki coupling. 
 
 
Scheme 4 – The coupling of BRNBD and 1-naphthalene boronic acid under Suzuki 
conditions. 
 
Unfortunately in the case of the 1,4-dibrominated (5) starting material (Scheme 2) it 
was observed by GC that the quantity of desired product formed in this synthesis was 
negligible, and both the GC spectrum and TLC analysis showed that much starting 
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material remained. This reaction was repeated numerous times altering the base and 
solvent but to no avail. Therefore, an alternative method was tested. 
 
Scheme 5 – The final successful synthetic route devised for preparation of 
DMABNBD.  
Reagents and Conditions: i) HCl, NaNO2, 0˚C, KI ii) PdCl2(PPh3)2, Na2CO3 (2.0 M), 
THF, reflux  iii) PdCl2(CH3CN)2, S-Phos, NEt3, Pinacolborane, dioxane, 80˚C. i) 
PdCl2(PPh3)2, Na2CO3 (2.0M), THF, reflux.   
 
This final method required 1-iodo-4-bromonaphthalene (13) which was synthesised in 
high yield via a method14 developed within the MPL from compound 12. This new 
synthetic route was inspired by work carried out by Pratap et al.,15  which involved 
selective coupling at an iodo group in the presence of a bromine atom at the ortho 
position. It was hoped that the method could also be applied to iodinated aromatic 
systems possessing a para bromine atom, as both the catalyst (tetrakis triphenyl 
phosphine palladium (0)) and the base (sodium carbonate) used by the Pratap group 
are cheap and readily available.  
 
The Suzuki coupling of bromo-4-iodonaphthalene (13) with dimethylaminophenyl 
boronic acid (6) was tested using three different palladium catalysts. S-Phos in 
conjunction with the palladium acetate catalyst was tested first which gave the desired 
product.  However, it was noticed that yields were improved greatly (99%) when 
simple tetrakis triphenylphosphine palladium(0) or dichlorobis(triphenylphosphine) 
palladium(0) were used as the catalyst in THF/water as solvent. It is thought that the 
addition of water to fully solubilise the base could be important in gaining a good 
yield in this reaction.  
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Compound 7 was then converted into the boronic ester (8) under those conditions 
previously discussed within Chapter 5 which uses pinacolborane as the borylating 
agent and a palladium nitrile-based catalyst.  The product was synthesised easily and 
cleanly but unfortunately the yields were very low (~10%). In spite of this, the 
reaction was repeated and enough material isolated to continue onto the next step 
which was the appendage of the bodipy unit. Again, sodium carbonate (2.0 M) and 
PdCl2(PPh3)2 were used and coupling was achieved with ease. Purification by silica 
gel chromatography (DCM: petrol (1:1)) to remove unreacted BRNBD gave the pure 
product which was fully characterised.  
 
6.3 Alternative Synthesis of Meso-bodipy Derivatives 
6.3.1 Novel strategies and new findings 
Whilst researching possible synthetic routes, which could be developed in order to 
prepare the binaphthalene spaced product, a novel and convenient method of 
synthesising bodipy compounds was encountered. This strategy was developed from 
the desire to generate the bodipy framework with a halogen atom (bromine or iodine) 
in the meso position. This would provide a suitable counterpart to affect Suzuki 
coupling of boronic-acid or -ester derivatives at this site. It was therefore planned that 
the meso amino substituted bodipy (AMBD) would be synthesised.  This would then 
be subjected to a one pot procedure by which this amine would be converted to the 
diazonium salt and finally substituted to incorporate the halogen (Scheme 6). For this, 
the conditions developed by Dr. S. Mitchell and used later to synthesise 1-bromo-4-
iodonaphthalene from 1-amino-4-bromonaphthalene could be used.  
 
 
 
Scheme 6- Synthesis of meso-iodo bodipy from the amino counterpart.  
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Synthesis of this type of directly functionalised meso-bromo or –amino bodipy had 
not been carried out previously in our group and was not a well documented 
procedure in the literature. One known method by which meso-anilino bodipy 
derivatives can be prepared involves preparation of thiomethyl substituted bodipy 
followed by a subsequent amination reaction16 as detailed in Scheme 7.   
 
Scheme 7
26
 - The synthetic route developed by Goud et al. which proceeds via the 
thiomethyl substituted dipyrromethenium salt. 
 
However, this was a slightly unappealing route due to the highly toxic nature of the 
thiophosgene starting material. It should be noted that earlier this year, several amino 
bodipy derivatives were generated via this method17, including 8-amino bodipy using 
ammonium acetate (Scheme 8).  
 
 
Scheme 8 – Synthesis of 8-amino bodipy from the thio-methyl substituted starting 
material. 
 
One reagent that was considered to possess the ability to deliver the amino group was 
formamide; a cheaply and commercially available reagent commonly used as a 
solvent in organic synthesis. It was hoped that the aldehyde would react in the 
traditional way to generate the desired bodipy under standard conditions. However, it 
was seen when the reaction was carried out, that the resulting species generated was in 
fact not the amino substituted product, but a simple H-meso bodipy in good yield. It 
was believed, therefore, that the formamide had been protonated at the NH2 to 
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generate a good leaving group (ammonium) in accordance with the mechanism shown 
in Figure 4.  
 
 
Figure 4 –The proposed mechanism which takes place to generate the 
dipyrromethenium cation.  
 
It can be elucidated from the mechanism detailed in Figure 4, that DDQ is no longer 
required when this method is used, which immediately removes one step from the 
synthesis. Overall, this would save time since a bodipy forming reaction is typically 
stirred overnight following DDQ addition.  
 
Immediately, potential was seen for the generation of H-meso bodipy frameworks 
using various types of pyrrole derivatives. Whilst investigating reactions, by testing 
commercially available pyrroles, it was considered that perhaps protection of the 
amide functionality in formamide may prevent the loss of ammonium, meaning that 
the desired meso substituted amine could still be generated. Suitable protecting groups 
for formamide were considered. One option, for which the starting reagent was 
cheaply available and which is stable to acidic conditions (i.e., it would not be 
removed upon addition of the trifluoroacetic acid) was methoxybenzyl chloride. This 
reagent was refluxed with formamide in ethanol overnight, but this method was found 
to yield 1-(ethoxymethyl)-4-methoxybenzene; i.e., the product of nucleophilic attack 
of ethanol on methoxybenzyl chloride. It was assumed, therefore, that ethanol is a 
stronger nucleophile than formamide and an alternative method was tested. This 
involved simply refluxing methoxybenzyl chloride in a large excess of formamide, 
which resulted in formation of the desired product in high yield (95%) according to 
Scheme 9.      
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Scheme 9 – The protection of formamide with methoxybenzylchloride to give N-(4-
methoxybenzyl)formamide.  
 
However, when the protected species was reacted on to generate the bodipy, again the 
H-meso substituted species was formed. It was clear that it was going to be more 
difficult than originally believed to generate the meso-halogenated bodipy. Alternative 
routes were investigated to find a suitable synthetic pathway to the doubly-spaced 
system. In the meantime, further investigations into using formamide as a bodipy 
forming reagent were carried out. The table below shows the bodipy species that were 
prepared using this new method and the corresponding yields. Unfortunately, yields 
were rather modest at times but this novel synthesis did have the important advantage 
that the pyrrole used did not require functionalization with an aldehyde group, unlike 
the higher yielding method developed by Burgess et al.  
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Table 5 - The pyrrole species tested for their compatibility in the novel ‘formamide 
method’ of bodipy synthesis. For those which generated a bodipy, the corresponding 
yields are quoted.  * = please see later in the chapter for an explanation. 
Entry 
 
Pyrrole Product formed Yield of desired bodipy(%) 
 
 
1 
 
  
 
 
30 
 
2 
 
 
  
 
20 
 
3 
 
      * 
 
~10 
 
4 
 
 
 
 
 
5 
 
5 
 
 
 
 
None – entirely starting 
material 
 
0 
 
6 
 
 
 
 
 
 
 
~ 1% 
 
7 
 
 
 
 
 
 
 
~ 1% 
 
 
9 
 
   
 
 
 
 
0 – entirely converted to the 
product shown to the left. 
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6.3.2 Pyrrole synthesis 
Pyrrole is one of the most important simple heterocycles, found in a broad range of 
natural products and drug molecules and is widespread in nature18 being the key 
structural fragment in heme, chlorophyll, numerous secondary metabolites and marine 
natural products19. There are numerous ways of synthesising pyrroles, some of the 
most common being the multicomponent Hantzsch pyrrole synthesis20,21,22 based on 
the reaction between a β-enaminone and a α-haloketone, 1,3-dipolar cycloadditions23, 
nucleophillic additions onto nitrile24,25, carbonyl26 and amino27 groups and palladium 
catalysed methods to synthesise aryl substituted pyrroles. The latter was the method of 
choice for the synthesis of a small variety of non-commercially available pyrrole 
derivatives, due to the simplicity of the method and the fact that the starting materials 
were already available for use in the lab.  
 
Both phenyl28- and tolyl-substituted pyrroles were synthesised, with the yields being 
optimised over several attempts due to the formation of poly-pyrrole during the high 
temperature reaction. A third pyrrole was also synthesised using a method29 which 
proceeds via a nitrovinyl derivative generated by the reaction of an aryl aldehyde with 
ammonium acetate and nitroethane (acting as reagent and solvent) followed by 
subsequent reaction of the nitrovinyl species generated with ethyl cyanoisoacetate and 
DBU in a THF/tBuOH (1:1) mixture. Please refer to Scheme 10 below. However, this 
method generates an ethyl ester substituted pyrrole and unfortunately, following 
reduction with lithium aluminium hydride (sodium borohydride was found not to be a 
strong enough reducing agent), decomposition occurred on the column. Some starting 
material was kept and conversion of this into a bodipy was attempted, but 
complications arose possibly due to unwanted reactions at the ester site, and a 
complex mixture of products was generated. 
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Scheme 10 – Synthesis of a novel aryl substituted pyrrole via literature methods. 
Reagents: i) nitroethane, ammonium acetate, 60˚C, 14 hrs ii) ethylisocyanoacetate, 
DBU, 
t
BuOH: THF (1:1), 60˚C, 14 hrs iii) NaBH4, reflux. 
 
From the table on the previous page (Figure 5), it can be seen that the method was 
limited to activated pyrroles, i.e., those possessing uniquely alkyl substitution, whilst 
pyrroles with aryl groups directly appended at the 2 position struggled to react at all. 
In the case of the phenyl- and tolyl- substituted pyrrole, prepared via the palladium 
catalysed coupling, the characteristic bodipy colour (deep pink for these species) 
could clearly be seen in the flask and on TLC. But from NMR (1H, 19F, 13C and 11B) 
spectroscopic studies, it appeared that the yield was negligible. It seemed confusing 
exactly why these pyrroles did not react, and in order to negate the possibility of there 
being an issue with the purity of the compounds, they were tested in an alternative 
bodipy synthesis using benzaldehyde as opposed to formamide. DDQ was 
incorporated as oxidant according to traditional methods. These formed the meso-
phenyl substituted compounds, again in low yield, but this time in a more acceptable 
quantity. These bodipy derivatives are highly conjugated and unknown in the 
literature and analysis of the photophysical characteristics of these two compounds 
could prove to be interesting.  
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Figure 6 - The meso phenyl substituted bodipy compounds prepared using 
benzaldehyde via traditional methods. 
 
One reaction, however, generated a confusing bodipy which will be named BOD-X 
from hereon in. This was the reaction of 4,5,6,7-tetrahydro-1H-indole, generated by 
the reduction of 1,5,6,7-tetrahydro-4H-indol-4-one.  
 
 
Scheme 11 – The reduction of 1,5,6,7-tetrahydro-4H-indol-4-one followed by the 
reaction to prepare the desired bodipy using formamide. Reagents and Conditions: i) 
NaBH4, 2-propanol, 24h, 90˚C, ii) formamide, DCM, TFA, N,N’-DIPEA, BF3.Et2O. 
RT.  
 
Although the typical fluorine quartet was present in the product, the spectrum (Figure 
7) also featured an additional peak at around –55 ppm. The 11B NMR spectrum on the 
other hand showed the  characteristic triplet, although it was slightly upfield of its 
typical δ = -0.5 to 0.5 ppm location.  
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Figure 7 – The 
19
F NMR spectrum for BOD-X showing the two discrete fluorine 
peaks (left) and the 
11
B spectrum displaying the typical triplet multiplicity (right). 
 
It is difficult to clarify the identity of the second peak with certainty. Figure 8 shows 
chemical shifts of common fluorinated derivatives, but the only reagents used in the 
synthesis in addition to boron trifluoride diethyl etherate (which it cannot be as the 
chart shows that the BF3 unit resonates at around -125 ppm) is trifluoroacetic acid. 
However, the catalytic quantity used, and the fact that this would almost undoubtedly 
have been neutralised by the amine base, makes this a very unlikely candidate.  
  
Figure 8- Chemical shifts of common fluorinated derivatives.
 30
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In addition, the integration of the 1H NMR spectrum was also inconsistent with the 
structure of the desired product. 
 
Figure 9 - Integrated 
1
H NMR spectrum of BOD-X in CDCl3 at room temperature.  
 
In the 1H NMR spectrum (Figure 9), the indole shifts are in the correct location, and 
the sample was bright pink/ purple in colour, typical of a bodipy compound.  
However, the proton spectrum had an unusual integration, with the peak which 
typically corresponds to the bodipy meso hydrogen integrating to two protons instead 
of one. It is unlikely that the peak, which appears at δ = 6.97 ppm, corresponds to 
protons on the pyrrole backbone. As seen from the table below, the chemical shift is 
typical for a bodipy meso hydrogen. 
  
Compound 
1
H Chemical shift of meso H (ppm) 
120 6.98 
220 6.86 
331 6.92 
420 7.05 
Table 1 – Chemical shift values of meso hydrogens in a selection of bodipy 
compounds.  
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Figure 10 - Various meso-substituted bodipy compounds for which the meso-H 
chemical shift is known.  
 
A 13C NMR spectrum was also recorded. Due to the scale of the reaction, only a small 
quantity of product was isolated and the spectrum was therefore recorded on a 500 
MHz spectrometer. It can be seen (Figure 11) that there are the correct number of 
carbon atoms, but they are inconsistent with published 13C chemical shifts for this 
compound: 
 
 
Figure 11 – A 500 MHz 
13
C NMR spectrum of BOD-X with expansions of the 
aliphatic and aromatic region (peaks enhanced for clarity).  
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13
C Chemical shift 
recorded 
(aromatic) 
13
C Literature 
chemical shift 
(aromatic) 
13
C Chemical shift 
recorded 
(aliphatic) 
13
C Literature 
chemical shift 
(aliphatic) 
161.5 158.0 25.1 24.7 
131.4 134.0 23.1 23.1 
130.9 129.3 22.6 22.8 
125.9 125.9 22.1 22.3 
123.8 125.3  
 
Table 2 – A comparison of the literature
20
 chemical shifts and those recorded relative 
to CDCl3 centred at 77.00 ppm.   
 
Although the literature chemical shifts and those recorded are similar, those 
corresponding to the aromatic carbons are by no means close enough for the products 
to be identical. Therefore it can be assumed that a slightly different product was 
produced. Further investigation is currently underway to further elucidate the structure 
of this compound.  
 
Disappointingly, the scope of the formamide method is rather limited. After originally 
discovering the new method, it was believed that it could be used to provide an 
excellent route to some more unusual bodipy compounds based on purpose designed 
pyrroles. It is hoped that future work to further elucidate the mechanism of the 
formamide method (for example by incorporation of deuterium into formamide and 
monitoring the reaction progress via 1H NMR spectroscopy) may result in 
unequivocal identification of BOD-X. Furthermore, variation of the temperature, 
solvent and acid used would hopefully also further improve the scope of this method. 
For example, Lewis acids such as indium chloride or boron trifluoride diethyl etherate 
could be used preferentially to the commonly used Brʥnsted acid of TFA. A greater 
range of pyrrole derivatives could also be generated to prepare diverse libraries of 
tailor-made H-meso bodipys. It is recognised that these compounds are known to 
possess a high quantum yield of fluorescence which makes them extremely desirable.  
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6.4 Characterisation and Structure Confirmation 
6.4.1 Crystal Structures 
The crystal structures of a selection of the compounds discussed within this chapter 
are given below. DPHBD, 1-dimethylaminophenyl-4-bromonaphthalene (7) and 
DMABNBD are included. 
 
6.4.1.1   DPHBD 
 
Figure 11 - the atom labelled crystal structure of DPHBD 
 
Crystals of DPHBD were readily obtained by slow evaporation of diethyl ether into a 
saturated dichloromethane solution of the compound. Single crystal X-ray diffraction 
studies indicate that the meso-phenyl ring in the bodipy compound does not lie 
completely perpendicular to the indacene plane and instead resides in a slightly offset 
position, with a torsion angle of 111.12° being observed between the carbon atoms 
C12, C11, C22 and C23.  Similarly, the pyrrole phenyl units exhibit a certain degree 
of twisting, with torsion angles of 145.06˚ and 131.43˚ respectively being observed 
between C8, C7, C6, C1 and between C14, C15, C16, C21. The crystal packing 
diagram shows how the molecules adopt a head-to-tail packing sequence to allow for 
maximum interaction of the phenyl rings.  
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Figure 12 – Left: The crystal packing arrangement of DPHBD: carbon (grey), 
nitrogen (blue), boron (pink), fluorine (green). Right: torsion angle in DPHBD of 
68.75°. 
 
6.4.1.2   1-dimethylaminophenyl-4-bromonaphthalene 
Crystallisation of 1-dimethylaminophenyl-4-bromonaphthalene (7) was achieved by 
slow evaporation of petroleum ether into a saturated dichloromethane solution of the 
compound. Single crystal X-ray diffraction studies indicate again that the phenyl ring 
lies in a slightly offset position relative to the naphthalene moiety.  The torsion angle 
between C12, C11, C4 and C5 was calculated to be 120.90˚.  
 
Figure 13 - the atom labelled crystal structure of 1-dimethylaminophenyl-4-
bromonaphthalene. 
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Figure 14 – Left: Molecular packing in the crystal structure of 1-
dimethylaminophenyl-4-bromonaphthalene: carbon (grey), nitrogen (blue), bromine 
(red). Van der Waals interactions between the bromine and methyl hydrogen atoms of 
the dimethylamino moieties are shown.  Right: the torsion angle of 120.90˚.  
 
6.4.2  NMR Spectroscopy  
6.4.2.1    Elucidation of 
19
F spectrum for DMABNBD.  
Various fluorine NMR spectra were recorded in CDCl3. The simple 
19F NMR 
spectrum generated initially displayed broadened features, and upon closer inspection, 
appeared to resemble a possible overlapping doublet of quartets. This can be 
accounted for by the fact that the two bodipy fluorine atoms are in slightly different 
environments and therefore inequivalent. The splitting pattern can be attributed to the 
unsymmetrical nature of the group appended to the meso position, the naphthalene 
moiety here. The overlap is thought to be occurring due to the proximity of the 
chemical shift values of the two fluorine atoms relative to their coupling constants. If 
the spacer was a phenyl ring for example, a simple quartet would be expected, as 
typically observed in symmetrical bodipy derivatives. However, naphthalene bridged 
compounds of this type would always be expected to possess a more complex order of 
symmetry and the spectrum can be described as a second order multiplet. The 
19F{11B} spectrum is shown below:  
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Figure 15 – 
19
F {
11
B} spectrum of DMABNBD in CDCl3 at RT. 
 
All coupling effects related to the 11B nucleus have been removed. The spectrum 
shows an AB quartet system, meaning that two spin active groups, FA and FB, have 
chemical shifts comparable to JAB. The method by which νA and νB can be calculated 
is as follows32, all chemical shift values have been converted from ppm to Hz:  
 
│JAB│  = (ν1-ν2)   = (ν3-ν4) 
 = -68351.460 –  = -68503.054 – (-68615.145) 
(-68463.222)  
 = 111.762 Hz  = 112.091 Hz 
= 112 Hz  =112Hz  
 
νcentre = ½ (ν2 + ν3)  = ½ (-68463.222 + (-68503.054))  
= -68483.138 Hz 
 
ΔνAB = √ (ν1-ν4) (ν2-ν3) = √((-68351.460 –(-68615.145))((-68463.222-(-
68503.054)) 
    = √10503.101 
    = 102.48 Hz 
 
νA  = νcentre + ½ΔνAB = -68483.138 + ½ 102.48 
    = -68431.898 Hz 
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νB = νcentre - ½ΔνAB = 68483.138 - ½ 102.48 Hz 
    = -68534.378 Hz 
 
δA = νA / MHz  = -68431.898 / 470.62 Hz  
= -145.408 
 
δB = νB / MHz  = -68534.378 / 470.62 Hz  
= -145.626 
     
The fluorine spectrum can also be simulated using MestRenova software to further 
elucidate the splitting pattern observed. This can be done by adding the correct spin 
groups (two 19F groups (I= ½) and one 11B (I= 3/2)). Unfortunately, this software does 
not enable us to add the 10B isotope (I = 3) as a forth spin group, so the simulation will 
not account for the presence of this isotope.  δA  and δB as calculated above were 
inserted into the table. The line widths were approximated from estimation of the peak 
heights in the recorded (non-simulated) spectrum and the coupling constants were 
similarly based upon those observed. The spectrum was then recorded on the 500 
MHz spectrometer and it can be seen that the simulation has generated a very accurate 
representation, proving that the effect of the 10B isotope with an abundance of 18.83 
% is small.  
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Figure 16 – A spin simulation showing the predicted 
19
F NMR spectrum calculated 
using MestReNova software. Insert: The table of parameters used to simulate the 
spectrum.  
 
Figure 17 – the 
19
F spectrum recorded on the 500 MHz spectrometer. 
 
The spin simulation bears a close similarity to the recorded spectrum and it could 
therefore be deduced that the two fluorine atoms in the bodipy molecule are coupled 
to each other and have extremely similar chemical shift values.  
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6.4.2.2    Interpreted 
1
H NMR spectra  
The NMR spectra of a selection of the compounds discussed within this chapter are 
analysed in this section. For BRNBD a full analysis is completed and all of the 
protons and carbons assigned with the exception of one proton set.  
                                                          
Figure 18 - 400 MHz 
1
H NMR spectrum for the aromatic region of 1-bromo-4-
iodonaphthalene (7) in CDCl3. 
 
Figure 19 – 400 MHz COSY spectrum of 1-bromo-4-iodonaphthalene in CDCl3.  
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Chemical shift 
(ppm) 
Intensity (no. of 
H Atoms) 
Multiplicity Coupling 
constant (J/ Hz) 
Assignment 
8.2 1 m  
N/A 
F 
8.1 1 m  C 
7.9 1 d 7.8 B 
7.6 2  m N/A D and E  
7.4 1 d 7.8 A 
 
Table 3 – The 
1
H NMR peak assignment for 1-bromo-4-iodonaphthalene. 
 
Figure 20 - An HMQC correlation of 1-bromo-4-iodonaphthalene in CDCl3. The 
proton assignment is given on the structure in red whilst the carbons are shown in 
blue.   
 
The HMQC can be used to assign the majority of carbon atoms and any ambiguity 
was resolved by running a simulation of the proton NMR spectrum. This lead to the 
deduction that proton F is located downfield of C and similarly proton B is downfield 
of A. It can be seen that carbon 10, to which the iodine atom is attached is up-field 
shifted relative that to which bromine is attached (carbon 3) and is not included on the 
spectrum in order to focus on the correlated region of the spectrum more clearly. 
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Below are a selection of NMR spectra of 1-(dimethylaminophenyl)-4-
bromonaphthalene (7). 
 
Figure 21- 300 MHz 
1
H NMR spectrum of 1-(dimethylaminophenyl)-4-
bromonaphthalene (7) in CDCl3. 
 
Figure 22 – 400 MHz COSY spectrum of 1-(dimethylaminophenyl)-4-
bromonaphthalene in CDCl3. 
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· This spectrum has a complex aromatic region, consisting of five doublets, two 
triplets and a multiplet (at approximately δ 7.2 ppm – it has a simplified 
appearance but when the spectrum is expanded and viewed at increased 
resolution a multiplet is seen.)  
· The pair of doublets which each integrate to two protons, can be assigned to g 
and h situated on the aromatic ring bearing the dimethylamino group. To 
deduce which proton is further downfield shifted between g and h, a basic 
simulation was run. The results predicted h to be further downfield.  The 
remaining three doublets which each integrate to one proton can be assigned to 
c, f and either a or b, whilst the multiplet is also either a or b. Again, the 
simulation was analysed, which predicted that b resonates downfield of a.  
· When determining the locations of c and f, the simulation was unfortunately 
less helpful here, as it predicted that the two protons resonate in the same 
location, which, from the spectrum, is obviously not the case. However, the 
simulation was able to predict that e resonates downfield of d. These are the 
two smaller triplets at around δ 7.4 and δ 7.5. 
· It can therefore be deduced that f resonates downfield of c due to the 
correlations observed between f and e and between c and d in the COSY 
spectrum.   
· Although both protons a and b would also be expected to be a doublet, it is 
thought perhaps that coupling either to the bromine (in the case of b) or to 
hydrogen h (in the case of a) is also being observed generating a multiplet. A 
more complex pattern would actually be expected due to the presence of two 
spin active isotopes of bromine each with an abundance of around 50% (79Br 
has a natural abundance of 50.54% whilst 81Br has a natural abundance of 
49.46%), although a distorted triplet is seen, perhaps this would generate a 
more complex pattern if a higher frequency spectrometer was to be used.  
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Chemical shift (to 1 
d.p) (ppm) 
Intensity (no. of H 
atoms) 
Multiplicity Assignment 
8.2 1 d f 
7.9 1 d c 
7.7 1 d b 
7.5 1  t e 
7.4 1 t d 
7.3 2 d h (both) 
7.2 1 m a 
6.7 2 d g (both) 
2.9 6 s i 
 
Table 4 – The NMR peak assignment for 1-(dimethylaminophenyl)-4-
bromonaphthalene. 
 
Below are a selection of NMR spectra of BRNBD. 
 
Figure 23 - 300 MHz 
1
H NMR of BRNBD in CDCl3.  X = solvent.  
X 
X 
  Chapter 6  
 
237 
 
 
Figure 24 – Left: The aliphatic region of the 400MHz HMQC correlation for 
BRNBD. Right: An annotated structure illustrating the letters denoted to the carbons 
and protons to be used throughout this assignment.  
 
The aliphatic carbon resonances can easily be assigned due to the evident coupling 
patterns seen in the HMQC (Heteronuclear Multiple Quantum Coherence) spectrum 
above, with the letters above the peaks being assigned to the carbon atom to which the 
correspondingly lettered proton set is attached. COSY and HMBC spectra will also be 
discussed, commencing with the COSY which is featured below.  
 
Figure 25 – An annotated COSY spectrum of the aromatic region of BRNBD.  
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An initial assignment of protons can be made based on the COSY and HMQC: 
Chemical shift (1 dp) 
(ppm) 
Intensity (no. 
of H atoms) 
Multiplicity Coupling 
constant (J/ 
Hz) 
Assignment 
8.34 1 d 8.5 c 
7.91 1 d* 7.5 a or b 
7.89 1 d* 8.5 f 
7.64 1 m N/A d 
7.51 1 m N/A e 
7.29 1 m N/A a or b 
2.61 6 s N/A j 
2.27 4 q 7.5 h 
1.02 6 s N/A g 
0.96 6 t 7.5 i 
Table 5 – An initial proton assignment for BRNBD.  
 
*In the spectra recorded on the 300 MHz machine these two peaks appears as a triplet 
but in those generated via the 400 MHz machine, two doublets can clearly be seen – 
please refer to the HMQC which was recorded on 400 MHz spectrometer.  
 
· The two multiplets at δ 7.64 and δ 7.51 can be assigned to protons d and e as these 
are the only hydrogen atoms which are adjacent to more than one other and these 
would therefore generate the most complex splitting pattern. 
· It can be seen that d and e couple to the doublet at δ 7.82 ppm and also the doublet 
at δ 8.34. They also couple to each other, reinforcing the assignment. Because a 
and b are too remote to feasibly show a correlation to d and e, the two doublets 
aforementioned must correspond to protons f and c.  
· In order to assign protons f and c, the HMBC is useful as the most downfield 
aromatic carbon can instantly be assigned as that ipso to the bromine atom on the 
naphthalene ring, i.e. carbon k. Proton c would show the strongest correlation to k 
as f is too distant to give a strong enough correlation to display a contour. 
Therefore, c can be assigned as the most downfield doublet as coupling can be 
seen to k in the spectrum below. The signal for a and b (which were assigned on 
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the basis of the ‘remaining protons’) also show coupling to k which again 
reinforces our assignment. Although proton a is closer in proximity, from 
evidence gained so far, it is tricky to distinguish between protons a and b.   
 
 
 
Figure 26 – HMBC spectrum of the aromatic region of BRNBD in CDCl3. The grid is 
shown here for clarity due to the proximity of the carbon atoms. It can be seen that a 
slight shift has occurred in the peak positions which has been accounted for when 
analysing the spectrum. 
 
The HMQC can now be used to continue to assign the carbon atoms. Previous 
assignments made using the HMBC spectrum can be carried forward.  
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Figure 27 – An annotated HMQC spectrum of the aromatic region of BRNBD with 
the correlations indicated by the lines. 
 
· The quaternary carbons l-s however are trickier to assign and the HMQC is no 
help here.  
 
Figure 28 – HMBC: Aliphatic protons showing long range coupling to aromatic 
carbon atoms, which confirms our assignment of s.  
 
· The aromatic region in the range δ131-140 ppm should be considered next. The 
only carbon in the region of δ140-160 ppm is carbon s which can be assigned 
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easily as the chemical shift of this carbon is well known in the literature (Figure 
29).   
 
Figure 29 – HMBC: Aliphatic protons showing long range coupling to aromatic 
carbon atoms. Carbons l-r are labelled 1-7 here, with 7 being the most downfield 
shifted carbon.   
Carbon numbering: 
 1 -p 
 2 -l 
 3 -r 
 4 -m 
 5 -o 
 6 -n 
 7 -q 
· In the aliphatic proton region, h and g both show correlations with carbon 7 
(Figure 29). 7 is most likely to be carbon q. Protons j, h and g show correlations 
with 3. 3 is most likely to be carbon r as s has already been assigned and p and q 
are a little far from j. No correlations are seen to carbons 1, 2, 5 or 6 by any 
aliphatic protons. 
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Figure 30 – The aromatic region of the HMBC showing the carbon and proton 
assignments made so far, along with the numbered carbons to be assigned.  
 
· In the aromatic region of the HMBC, protons a, b and e all appear to couple to 
carbon 4.  Carbon 4 is therefore highly likely to be either l, m or n – probably 
carbon m which is located either 3 or 4 bonds from all 3 protons. A correlation is 
seen between proton d and carbon 2. 2 is therefore probably either carbon l or 
carbon m, although l is more plausible as it is closer in proximity. The more 
upfield shifted proton which corresponds to either a or b shows a correlation with 
carbon 6. 6 could be either l, m, n or o. By process of elimination if the other 
assignment is correct its n or o. Meanwhile, no protons in the aromatic region 
appear to couple to either 7 (assigned as q- reasonable as no aromatic protons 
would couple to q), 1 or 5, but the proximity of the contours does make this 
spectrum tricky to elucidate.   
 
· Therefore the only carbons remaining which require assignment are n or o and p. 
S and k have already been assigned. The unassigned carbon numbers are 1 and 5 
and carbon 6 is still ambiguous. One would expect n to be the furthest downfield 
shifted and therefore correspond to carbon 6 as electrons are withdrawn from this 
position into the electron accepting bodipy unit. The other two, o and p are hard to 
d&e  
  Chapter 6  
 
243 
 
differentiate but probably correspond to 5 and 1 respectively. This is because p is 
typically more upfield than o.   
Chemical shift (1 
dp) (ppm) 
Assignment Chemical shift (1 
dp) (ppm) 
continued 
Assignment 
continued 
11.4 g 129.8 a/ b 
12.4 j 131.0 p 
14.4 i 131.9 l 
16.9 h 132.8 r 
123.7 k 133.0 m 
125.6 f 133.2 o 
126.4 a/b  136.9 n 
127.5 c 137.8 q 
127.8  
d and e 
 
154.1 s 
127.9  
 
Table 6 – The final 13C NMR peak assignment for BRNBD. 
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Figure 31 – 
1
H NMR spectrum of DMABNBD in CDCl3.  
 
The proton NMR spectrum of DMABNBD is shown in Figure 31. Interesting features 
of this NMR include the discrete singlets each integrating to three protons observed at 
δ1.23 and δ1.16. These correspond to the methyl hydrogen sets on the indacene core 
closest in proximity to the naphthalene rings. This is a feature unique to this spectrum 
which was not observed in the proton spectrum of BRNBD. Typically these protons 
resonate as one singlet between 0.9 and 1 ppm.  
 
The complex appearance of the two ethyl CH3 groups is also a prominent feature of 
the spectrum. These proton sets generate an unusual splitting pattern which is most 
likely to be attributed to two overlapping triplets (as each methyl group is split by the 
adjacent methylene protons). This occurs because each CH3 unit of the ethyl groups 
on the indacene core are inequivalent but have extremely similar chemical shift 
values. A similar splitting pattern can be observed in BRNBD (Figure 33).  
 
The peak at around δ 2.31 ppm is generated by the methylene protons of the ethyl 
group. Again, the pattern is slightly more complex than the typical quartet 
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traditionally observed in the spectrum. This can be attributed to the fact that these 
protons are diastereotopic and it appears as though a doublet of quartets is generated 
here. This pattern appears due to splitting of each diastereotopic proton by the 
adjacent CH3 group and also by the second methylene proton in the CH2 unit.   
 
                     
Figure 32 - An expansion of the peaks corresponding to the bodipy ethyl proton sets 
in DMABNBD. 
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Figure 33 - An expansion of the peaks corresponding to the bodipy ethyl proton sets 
in BRNBD. The peak corresponding to the methyl proton set nearest the naphthalene 
ring is also included.  
 
In BRNBD a simple quartet is observed at around δ 2.27 ppm, which corresponds to 
the two ethyl CH2 groups on the indacene core of BRNBD. This suggests that these 
two protons do not couple to one another in the manner observed in DMABNBD and 
are not diastereotopic. This suggests that rotation about the carbon-carbon bond 
linking the indacene core to the bromonaphthalene moiety at the meso position is 
achieved more easily than it is in DMABNBD, perhaps due to the increased length of 
this bond. Unfortunately at the time of writing this thesis, a crystal structure was not 
available so the precise bond length could not be calculated. The overlaid pair of 
triplets observed at around δ0.92 ppm is generated in the same way as that observed in 
DMABNBD although the appearance is somewhat different.  
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6.4.3 Mass spectrometry 
A mass spectrum of DMABNBD was recorded at the EPSRC National Mass 
Spectrometry Centre. This shows the theoretical isotope model and the excellent 
adherence to this data found with the observed results.  
 
 
Figure 34 – Mass spectrometry results for DMABNBD.  
 
6.5  Photophysical properties 
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Figure 35 – left: A UV-visible absorption spectrum recorded in dichloromethane. 
Right: An absorbance spectrum recorded in butyronitrile.  
 
UV spectroscopy was carried out on DMABNBD firstly in a dilute dichloromethane 
solution and secondly in a dilute butyronitrile solution. The left hand spectrum was 
recorded at 0.1 nm intervals over a wavelength range of 420 to 590 nm with a slow 
scan rate.  
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It can be seen from these spectra that DMABNBD behaves very much like a standard 
bodipy compound. A strong, narrow band corresponding to the lowest energy 
maximum (λabs) is seen centred at 525-527 nm and can be assigned to the S0-S1 
electronic transition associated with the bodipy unit. The shoulder on the high energy 
side at around 495 nm is typical of bodipy compounds carrying uniquely alkyl 
substituents on the indacene core.  
 
6.6 Concluding remarks and future projects 
It is hoped that subsequent studies on the formamide method of bodipy synthesis will 
provide further insight into mechanistic pathways occurring and how the reaction 
conditions can be optimized in order to achieve increasingly favourable yields.  
 
A future project to be carried out within the group will concentrate upon the 
preparation, purification and characterisation of the strapped and inherently chiral set 
of binaphthalene spaced bodipy D-Sp-A dyads as detailed in the introduction to this 
chapter. It is hoped that the photochemical analysis to be carried out on the dyad 
series will provide insight into the photophysics occurring. One particular interest is 
how charge transfer dynamics can be fine-tuned in order to preserve and stabilise the 
charge separated state through variation of the matrix coupling element, VDA. The 
magnitude of VDA will be controlled through optimisation of the energy gaps between 
orbitals residing on the donor and acceptor.  Novel techniques in Time Resolved 
Raman Spectroscopy could be used more frequently to study how specific molecular 
motions are coupled to photoinduced charge separation. This technique preserves 
spatial resolution33,34 whilst allowing measurements to be generated on a sub pico-
second time scale. Furthermore, modern methods and developments in time resolved 
Electron Paramagnetic Resonance (EPR) spectroscopy can be exploited to investigate 
charge recombination dynamics on a nanosecond time scale whilst providing 
significant structural detail.35 
 
There are various routes by which the synthesis of the strapped and inherently chiral 
binaphthalene spaced dyads can be achieved. The pathway initially proposed is 
outlined below whilst a second method which could be considered, involves separate 
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iodination36 of the two enantiomers of binol, (S)-(-)-1,1’-Bi-2-naphthol and (R)-(+)-
1,1’-Bi-2-naphthol which are both commercially available. This reduces the length of 
the synthetic protocol by two steps and generates the iodo species, a more reactive 
coupling partner than the corresponding brominated derivative.  
 
The first step of the synthesis detailed in Schemes 9 and 10 involves preparation of the 
literature compound 4,4’-dibromo-2-2’-dihydroxy-[1,1’]binaphthalenyl37 employing 
copper chloride hydroxide-TMEDA in an oxygen atmosphere. Attachment of (s)-
camphor to the alkoxy groups will permit resolution of the two enatiomers of B-NAP 
and conversion to the corresponding cyclophane can then be achieved under standard 
reaction conditions. It should be noted that circular dichroism spectroscopy will be 
carried out to confirm the enantiopurity at each step, with purity and authenticity of all 
compounds being confirmed by NMR spectroscopy and mass spectrometry 
throughout the synthesis. 
 
Scheme 9 - Resolution of the two enantiomers of B-NAP using (s)-camphor.  
Reagents: i) CuCl(OH)-TMEDA, O2, DCM; ii) Et3N, DCM 
 
 
 
Scheme 10 – Preparation of the enantiopure cyclophane using alkyl tosylates of 
varying chain length (n=1-4).  
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Reagents: iii) NaOH, MeOH/ H2O iv) Cs2CO3, acetone  
 
According to Scheme 11, the B-NAP cyclophanes will then be coupled onto the 
boronic ester of julolidine under the appropriate Suzuki conditions as developed and 
earlier in this chapter. The coupled derivative prepared will then be reacted on to 
generate the aldehyde by treatment with tributyl tin hydride and carbon monoxide in 
the presence of a palladium(0) catalyst38. This aldehyde is then subjected to standard 
bodipy forming conditions to generate the desired chiral binaphthalene spaced 
product.   
 
  
 
Scheme 11 - Preparation of the strapped bodipy series of varying chain length. 
Reagents: v) PdCl2(Ph3)2, Na2CO3, toluene vi) CO/ Bu3SnH, Pd(0), vii) 2,4-dimethyl-
3-ethylpyrrole, DCM, DDQ, N,N’diisopropylethylamine, BF3.Et2O. 
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